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MEANS LUBRICATION 


Tiny wheels . . . mighty 
engines .. . intricate ma- 
chines and processes we 
have come to take for 
granted . . . depend on 
oil as their lifeblood. 
Appropriate Schlumberger 
logging services determine 
various important drill hole 
choracteristics, including: 
hole depth, size and devi- 
ation . . . the top of the 
cement column behind the 
casing . . . the depths of 
the casing shoe and the 


casing collars. 


d Schlumberger means Service 


Schlumberger Well Surveying Corp. @ Houston, Texas 
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JUST MINUTES, AWAY from any rig 


The derrickman on his monkey board could point out Halliburton’s camp in 
almost every oil patch. 211 of these service centers in this country alone puts 
one of them just minutes away wherever you are. And being handiest is but 
half of it... Halliburton’s camps are fully equipped with the most advanced 
tools and technology and manned by reliable personnel with the know-how of 
experience on more than two million jobs. Minutes after you hang up the 
phone, your Halliburton representative is there at the rig ready to provide the 
/ uniform high quality service that has made Halliburton most popular with 
most operators. It’s a good habit to get Halliburton ... when you want reliable, 
minutes-away service in Drill Stem Testing, Electrical Well Logging, 
Formation Fracturing, Cementing, and other production improvement services. 
Take advantage of this time saving convenience. Phone Halliburton first. 


HALLIBURTON olL WELL CEMENTING COMPANY 


DUNCAN, OKLAHOMA 


PROGRESS iN PRODUCTION IMPROVEMENT TECHNIQUES 
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Top View — “JE” Flow 
Control with Positive 
Choke. 


Duet Flow Centro! is on owt 
@ companion to The Flow 

units which hove gained universal 
ince in oilfields off over the world 


colt repleces 13 different fittings. 


Since O-C-T introduced this compact, easy-o;erat- 
ing “JE” Flow Control Unit in 1946, more trees of 
all makes have been topped from the master valve 
up with this unit than any other make. And there 
is good reason why O-C-T “JE” Flow Control Units 
are now on nearly 10,000 trees. It is the only flow 
control on the market that gives you the advantage 
of both a choke and a true valve type gate assem- 
bly and seating arrangement. The valve in your 
O-C-T Flow Control unit is a complete valve type 
gate assembly . . . with ball bearing construction 
to assure easy, quick operation. Specify O-C-T “JE” 
Flow Controls to your supply store. Use it to replace 
a tee or cross, wing valve, choke and bottom hole 
test adapter. Use it to save as much as $300.00 
on every tree. Let your O-C-T representative show 
you the many other advantages that have made ; 
“JE” Flow Controls the most dependable product 
ever offered the oil industry. All O-C-T products 


are available through more than 700 supply store Oi : enter oo 


locations. 
P. O. BOX 3091, HOUSTON, TEXAS 


Export Representatives: Sterling Areas —Le Grand, Sutcliff & 
Gell, Ltd., Rochester, Kent, England. Address Export Inquiries 
for All Other Countries to P. O. Box 3091, Houston, Texas. 
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With Clark “Midget Angles” there’s a 
SINGLE RESPONSIBILITY 


HMA’S are designed, built and tested by Clark 


You’re never in the middle when you 
own a Clark “Midget Angle.” Compres- 
sor, skid, radiator and piping — in fact 
all major components— are designed 
and built by Clark, under one roof. 
There’s never a reason to pass the buck! 

By building all major components, 
Clark is able to match them perfectly 
and to operate them as fully assembled 
units. You are assured that your “Midget 
Angle” will be “right” when you get it 


Compact, factory packaged 


— ready to go to work without time- 
consuming field assembly. 

For field compressors in the 85-440 
bhp range, you'll certainly want to know 
more about Clark “Midget Angles” — 
their ruggedness, their perfect balance 
and their many other outstanding fea- 
tures. Consult your nearest Clark repre- 
sentative and write for Bulletin 126. 


CLARK BROS. CO. e OLEAN, N. Y. 


ONE OF THE DRESSER INDUSTRIES 
Sales Offices in Principal Cities throughout the World 


Clark sets the pace in compressor progress 


compressors 
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Look at the Hole Pattern... 


holes are exactly the same pattern as the chambers in the gun 


...must be a MeCULLOUGH 
M-3 BULLET GUN 


Simultaneous firing means more 

holes per foot, no bunching of shots, 

less perforating down time, 

and MORE PENETRATING POWER. 
Whatever your perforating problem, 

call for the M-3 BULLET GUN or the 
GLASS JET PERFORATOR. 

For all advantages write for your copy of 
“How to Get More Oil”. 


FOR BEST RESULTS LOG AND PERFORATE BY Mc CULLOUGH 
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G TEMPERA TURE 
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FIELD TESTS HAVE 
PROVEN 
THAT LUFKIN RUNS 
COOLER THAN ANY 
HYDRAULIC UNIT ON je! 
THE MARKET TODAY 
NO COOLING COILS ll 
OR HEAT EXCHANGERS is 
REQUIRED 


® LOW OPERATING PRESSURE. 
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® LARGE UNRESTRICTED FLOW 
PASSAGES REDUCE FRICTION 
LOSS 


© PATENTED SELF REVERSING 
PUMP FOR CUSHIONED RE- 
VERSALS 


® FULLY AUTOMATIC COUN- 
TER-BALANCE 


FOUNDRY & MACHINE COMPAN} 


h Soles ond Service: Houston © D New ‘ork © Tulsa © Los Angeles Seminole Oklohoma City Corpus Chi 
: Kilgore © Wichita Falls ¢ C Casper er, Wyoming © Great Bend, Kansas @ Effingham, Illinois © Duncan, Oklahoma 
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THE BAKER JUNK BASKET safely traps, retains and removes 

from the well cuttings from “drilled-out” cast-iron, aluminum 
alloys, bronze or other dense, but “drillable” materials. 

Its design is simple and sturdy, and is readily understood by 
referring to the sectional illustration (upper right). Between the 
Short Drill Collar (top) and the Drill Collar Sub (bottom) 

a Cylinder is mounted to provide a basket for 

trapping a considerable quantity of metal cuttings. 

When drilling out Baker Cement Retainers, Baker Bridge Plugs, 
Baker Production Packers, or other devices made of 

cast iron, aluminum alloys and similar “drillable” materials, 

a Baker Junk Basket (Product No. 4281) is positioned 

just above the rock bit, or diamond point bit. 


SIMPLE, POSITIVE OPERATION — Cuttings from the drilling bit are é 
carried upward by the high velocity of the circulation fluid 
through the comparatively small annulus around the Cylinder 
(see illustration). Now note how the annulus is abruptly enlarged 
due to the smaller diameter of the Drill Collar. When S 

the circulation fluid reaches this enlarged annulus the velocity 4 
of the fluid is so greatly reduced that the cuttings are no 7 

longer carried upward, but drop into the basket (Cylinder) S 
where they are trapped and recovered when the 

Junk Basket is removed trom the well. 


catch thoce 
metal cuttings 
with 
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AVAILABLE IN POPULAR $1ZE&S—The Baker Junk Basket is furnished 
to make up in 2%” to 4%” A.PI. drilling strings to run in 44” 

to 9%” A.PI. casing. Any Baker representative or office 

wiil recommend the proper size for your needs, and see that you are 
supplied promptly on a low-cost rental basis. Specifications 

for purchase by overseas operators can be found in the BAKER 
(or Composite) CATALOG. 


BAKER OIL TOOLS, INC. 
HOUSTON + LOS ANGELES + NEW YORK 
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THE ENGINEER VIEWS WORLD OIL 


H. H. POWER 
MEMBER AIME 


An essential requirement of the petroleum engineer 
is a working knowledge and application of the prin- 
ciples of economics to his principal problems. These 
problems include: (1) increased recoveries of petro- 
leum; and (2) reduction of operating expenses; or 
(3) a combination of both. As an engineer concerned 
primarily with the availability and efficient production 
of oil and gas, he often makes analyses of reservoir 
performance and appraises various mineral and work- 
ing interests, which require even greater versatility in 
the application of sound economic principles. 

In this work it is essential for him to know something 
about the market price of oil and gas, lifting costs, 
operating expenses, overhead expenses, depletion, de- 
preciation, amortization, and the calculation of engi- 
neering costs in general. Such studies of the reservoir 
and its recoverable fluids are also combined with the 
economic aspects of valuation, lease accounting, and 
taxation. This brings the petroleum engineer into close 
association with the administrators who are charged 
with the responsibility of making a profit in order 
that the firm may flourish under our cherished system of 
free enterprise. So far, so good. The engineer is aware 
of the paramount role of economics in the immediate 
welfare of his country. 

As the engineer matures on the job, his interests 
may change with increased authority. If his company 
happens to be well-integrated and he advances to an 
administrative position, he may become interested in 
preblems of much broader proportions than those with 
which he labored as a production engineer. He may 
hecome convinced that it is as important in his com- 
pany’s welfare to find new markets for its petroleum 
products as it is to discover and develop new oil fields. 
He becomes acquainted with heretofore unknown terms 
of the industry, such as “world price structures,” local 
competitive prices and “net backs,” “competitive pres- 
sure areas,” pipeline and tanker transportation costs, 
and import duties and tariffs. He becomes interested 
more than ever with the role of foreign oil on the 
over-all economy, especially in the projection of present 
trends into the not too-far distant future, and the details 
of supply and demand, both world-wide and _ local, 
which affect his outlet for crude and petroleum products. 

With continued increase in perspective and horizon. 
the engineer-manager may become deeply interested 
in studies involving per capita petroleum consumption. 
its high value in the United States. and its compara- 
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tively low value elsewhere. Combining these data with 
projections of population trends he is able to predict 
future consumption of petroleum and compare these 
estimates with those made for future new discoveries 
and rates of production. The degree of balance (or 
unbalance) resulting from these forecasts may cause 
him to study the economics of imports, exports, pipe- 
line and tanker transportation, and the justification of 
additional refinery capacity in strategically located areas 
into which competitive crudes have made their entries 
economically. 

The engineer-manager will learn that a knowledge 
of the local petroleum industry no longer is sufficient 
for long-range planning, even over comparatively short 
intervals. His local position is found to be closely related 
to the National supply, and the latter, in turn, is 
closely related to the supply of petroleum and petroleum 
products world-wide. A study of price making and 
price behavior throughout the oil world may give him 
a better concept of the place that his firm, his state 
and his country occupies in the complex vastness of 
the petroleum industry. The engineer-manager will not 
be surprised that the usual laws of supply and demand 
continue to operate and affect the price of his crude 
at the well-head, even though some of the products 
used locally may have their origin in far distant regions 
of the world. 

Concurrently with his newly discovered interests, 
the engineer-manager discovers that people of varying 
faiths and philosophies populate his ever-widening oil 
world. He may apply himself to their histories, cultures 
and modes of living and thereby enhance his own 
standards in human relationships. We also hope that 
he may see the wisdom of giving as well as receiving. 

That the petroleum engineer should be well-grounded 
in the fundamentals in order that he may apply himself 
intelligently to his professional engineering has become 
a self-evident observation. But let us see the forest 
and the trees at the same time. The application of 
the fundamentals to engineering problems is important. 
hut a grasp of the larger picture is likewise important. 
World events shape our destinies today and will con- 
tinue to do so in oil affairs at an ever increasing 
tempe. The engineer who follows the pattern and 
economic significance of coming events intelligently. 
will undoubtedly obtain a greater appreciation of the 
contribution he is making at every step of his ladder 
of progress from bottom to top. wiek 
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FEATURE ARTICLE 


HOW ONE COMPANY APPRAISES MANAGEMENT 
DEVELOPMENT PROBLEMS 


CARL E. REISTLE, JR.~ 
MEMBER AIME 


Engineers as a group are often criticized because 
they have been responsible for the development of 
many technical improvements only to allow the admin- 
istration of them to pass into the hands of others who 
may have little understanding of how they operate and 
little competence in their use. These criticisms are not 
always justified. There are many engineers who have 
shown themselves to be great administrators in addition 
to being great creators or builders, and more and more 
one sees the engineer demonstrating unusual adminis- 
trative ability as he moves into the executive ranks. 

The last five or ten years have seen a new movement 
developing in this country — a movement brought about 
through the recognition by business statesmen that 
successful business administrators and executives just 
cannot be expected to develop like Topsy, that the 
management of a company must deliberately take steps 
to cultivate the proper climate or environment for 
growth if it wishes to provide an adequate and capable 
succession of executives in the future. This movement 
has taken on a number of names — Management De- 
velopment, Executive Development, Personnel Develop- 
ment — but are these not actually misnomers? Can we 
develop anybody? In the strictest sense of the word, the 
author doubts that anyone can change any other person, 
at least, not much. The change must come from within. 
Perhaps this movement should be looked at not as a 
program of developing people but as one of giving 
people an opportunity to develop themselves. In the 
Humble Oil & Refining Co. there is an Executive 
Development Program; maybe it might better be called 
a Program of Development for Executives. 


Early Planning by Humble 


One of the first acts of Humble’s original board 
of directors in 1917 was to set aside capital stock of 
the newly formed company for purchase by employees, 
the idea being to make them partners in the business 
and to encourage career employment. To further this 
objective the company has also followed a policy of 


*CARL E. REISTLE, JR., is Director in Charge of the Humble Pro- 
duction Department and is president-elect of the AIME for 1955. 


Paper published originally in the Augus’, 1954, issue of Mining 
Engineering. 
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promotion trom within, deviating from it in only a few 
instances. If this policy is to be carried out and if 
the company is to be successful in its operation, it is 
obligatory that there be maintained within the com- 
pany a climate that will stimulate and promote the 
growth of executive talent. 

It has not been easy to do this, as during the 36 
years of corporate life there has been a broadening 
of all industry and a specialization of functions, the 
like of which the world has never known. The petroleum 
industry has certainly been no exception to this and, with 
its many and varied activities requiring highly trained 
specialists in each of them, presents today a vastly 
different environment to its executives than it did to 
their predecessors at the turn of the century. Employ- 
ees, through no fault of their own, find their work 
confined to a highly specialized function and when they 
attain managerial status, are often unable to look on 
over-all problems with the broad perspective required 
of managers. Thus, it is exceedingly difficult for 
executives in large corporations to gain through normal 
experience acquaintance with the many company opera- 
tions essential to their satisfactory functioning as top- 
level executives. This has been the experience in our 
company, particularly in the case »f technical and pro- 
fessional men: and it is also experienced by most 
engineers. 


Executive Development Program 


Recognizing this situation, the company in 1946 set 
up an Executive Development Program. This was a 
first attempt to formalize a process that had been 
going on, after a fashion, in all departments of the 
company for many years. Broadly speaking, this pro- 
gram consists of appraising abilities of those in executive 
positions, determining the prospective replacements for 
such positions, and then providing opportunities for 
growth and development to those who are considered 
outstanding. One of the purposes of the program, as 
stated, is “to establish a uniform system of development 
and training throughout the company which will assure 
an adequate supply of potential executives with a 
broad background of experience.” Or putting it another 
way, the company was setting up a formalized program 
to make generalists out of specialists. 


IOURNAL OF PETROLEUM TECHNOLOGY 


‘ 
= 


Within our company it is possible to give executives 
experience in all phases of its operations and to sup- 
plement this experience by individual coaching; but a 
need was felt for something additional which would 
zive these men a broader concept of the administrative 
function, a recognition of the impact of outside influ- 
ences on business itself, a better understanding of the 
role of business in our economic and social systems, 
and time to reflect upon all of these factors as they are 
related to our company operations. The company did 
not feel it was able to do as good a job in these 
respects as desired, and was aware of the good work 
that the Harvard School of Business Administration was 
doing with its Advanced Management Program and 
so, in the spring of 1947, the comptroller was sent 
to attend the program and evaluate it for the company. 
As a result of his enthusiastic participation in the 
program and upon his favorable recommendation, the 
company has continued to send executives to every 
subsequent session. They, too, were of the opinion 
that the program was of real value and to date 30 
Humble executives have attended subsequent sessions. 
The company would have liked to have sent others 
in addition to these 30, but because of the great demand 
by other companies for places in the program it has 
not been possible to do so. 


Other University Programs 


When word came out about similar programs being 
offered by other universities, they, too, were investi- 
gated: and as a result, the company is now participating 
in the programs of Columbia University, Northwestern 
University, the University of Pittsburgh, Stanford Uni- 
versity, and the University of Houston in addition to 
the Harvard program. The participants in these pro- 
grams have given the same enthusiastic reports as given 
by those who attended the Harvard program, and so 
today the use of these short intensive courses has 
become a regular part of the company’s Executive 
Development Program. 


Experience shows that those who attend these courses 
find it difficult to make a clear-cut evaluation of them, 
especially immediately upon their return to their jobs. 
They are of the opinion that in a general way the 
courses have been of value to them; but all of them 
find it difficult to state specifically, especially to some- 
one else who is unfamiliar with the program, how 
they have benefited. It has apparently been an expe- 
rience which they think has been of real value to them, 
but nevertheless hard to explain. Probably after a 
year their thoughts and ideas begin to jell sufficiently 
so that they can begin to explain their feelings in words 
that convey meaning to others. 


The author had the privilege of attending Harvard's 
Advanced Management Program six years ago. Upon 
returning to his job he experienced the same difficulty 
2s others in expressing views about the benefits he had 
derived or could expect to obtain from the stay of 13 
weeks there. But now, with the lapse of six years, the 
henefits the program afforded can be seen rather clearly. 
Last fall a questionnaire was submitted to the 33 men 
who attended these various programs prior to 1953. This 
assured that each would have at least one year of 
retrospect in which to appraise the program he attended. 
These ideas concerning the benefits they derived are 
based on the answers they have given to this ques- 
tionnaire. 
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Broadening of Horizons 


hirst of all, there has been a broadening of horizons 
and in some instances an opening up of new horizons. 
Operations outside of one’s own department have 
attained a new significance and the importance of these 
operations to the company effort as a whole assumes 
new proportions. There has been a greater appreciation 
of the need for statesmanship in business and there is 
a real desire on the part of people who have attended 
these courses to measure up to the demands for such 
statesmanship. Coupled with this has been a more en- 
lightened recognition of the rights and aspirations of 
individuals working with the company and a _ real 
attempt to take these rights and aspirations into con- 
sideration when setting up new policies and implement- 
ing older ones. 


Too often the engineer is prone to look upon the 
technical and factual side of the problem and when 
he has worked out his answer, conclude that that is 
all there is to it. Too often he fails to realize that 
many of the people in his company without his 
background, training, and experience do not think 
as he does, that their attitudes toward the solution 
of the problem may not be as objective as his, that 
emotional factors of people must be taken into con- 
sideration in addition to the technical or factual aspects 
of the problem, and that because of his failure to con- 
sider these emotional forces quite often many of the 
people in the organization will not readily go along 
with the solution. Many technical people who have 
attended these programs acquired a new method of 
approach when dealing with administrative problems 
and they seem to show a better understanding of human 
emotions and the vital part that they play in any 
organized activity. 


The Objective Approach 


Not only have horizons been broadened but in almost 
every instance attendance at one of these courses has 
had a direct and definite effect on work procedures. 
Nearly all say that they have developed to some extent 
a more objective approach in the making of decisions, 
and a willingness to proceed a little more slowly so 
that the opinions of others and as many facts as pos- 
sible can be brought to bear upon a problem. Many 
speak about the need for separating facts from opinions 
and the patience that is required to do this. Some speak 
about the over-all job of being a manager and the need 
for anticipating and defining problems before they 
arise. All of these changes in attitudes should go far in 
helping these executives develop into capable adminis- 
trators with real leadership skills. 


I am sure that all of you have noticed the emphasis 
placed by many of our country’s industrial leaders 
on the importance of business executives participating 
more actively in community and civic affairs, and it is 
unfortunate that so many business men do not under- 
stand the need for such participation. Who can say how 
valuable such participation can be for any company; 
not so much with respect to the additional business it 
may gain fcr itself, as for the generation of a suitable 
c imate in which it can live and carry out its objectives? 
Mere than one-fourth of the executives who have at- 
tended these management development programs say 
that there has been awakened in them a realization of 
the need for greater participation in civic and commun- 
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ity affairs. And whether or not tney recognize this need 
themselves, it can be observed that nearly all of them, 
after their return from one of these programs, begin 
within a short time to show a greater interest in these 
outside affairs than they had ever shown before. This 
is of such value to the company that it alone may well 
be worth the time and money spent. 


Greater Tolerance 


The good that accrues to industry in general as a 
result of the impact on the university faculties by the 
business executives who attend these programs should 
not be overlooked. The exchanging of ideas by business 
men and faculty members in the classrooms of these 
programs and on the campuses between class periods 
will do much to bring about a better understanding by 
faculty members of the problems of business and the 
effect that Government policies and regulation will have 
on business. Thus, programs like these play a great 
part in helping to develop a better climate in which 
industry in general is able to operate. 


The questionnaire submitted to our executives asked: 
“What changes have you noticed in yourself as a result 
of attending the program?” Three-fourths of the answers 
to this question might be grouped under the heading 
Greater Tolerance, and it is interesting to see that 
almost half of these specifically used the words “tol- 
erant” or “tolerance” in attempting to describe changes 
that they themselves have experienced. Since one of 
the objectives in our executive development effort is 
to make generalists out of specialists, it seems to me 
that even if a spirit of tolerance is all that a person 
acquired from one of these programs, we would have 
to consider the program as being worthwhile. 


The Financial Investment 


The cost of sending an executive to one of these 
programs is not low. It represents a real investment 
in time and money, as he is away from his work for 
a period of four to 13 weeks. Then, too, it is not easy 
for an executive in the 40 to 55 age bracket to leave 
home for several weeks and go back to the academic 
life, nor is it easy for his family to adjust themselves 
to his absence. In addition to the salary he receives 
while attending the program, there must be added the 
cost of tuition, travel back and forth, and living expenses 
while he is away. All of these add up to several thousand 
dollars for each individual, and so it is not surprising 
that the executives hesitate to say positively that they 
have profited sufficiently from the program to justify 
the company’s expenditure in sending them. But per- 
haps this is modesty because nearly all of them point 
out benefits they have received, which should repay 
the company well for the investments that have been 
made; and in addition, they are unanimous in stating 
that the company should continue to send others, pro- 
vided they are properly chosen. However, there is one 
definite advantage in sending an executive away for 
several months that offsets the disadavantages, and 
that is the opportunity afforded the company to give 
someone else actual experience in his job, not as an 
observer but as one who is given the opportunity to 
carry out the functions of the job and make the 
decisions, the opportunity to make mistakes and profit 
from them, and the responsibility of being held account- 
able for his decisions and actions. Of course. this 
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is an Opportunity which can be developed through other 
means, but it is one that the company has been able 
to use advantageously. 


Debits of Programs 


Now, what are some of the debits in the manage- 
ment development program? Frankly, with the excep- 
tion of absence from the job and from home and 
the matter of cost, all of which have already been 
mentioned, there are very few. And these few vary in 
individual cases, depending upon each person’s own 
likes and dislikes. Naturally, there will be some ob- 
jections to any of these programs, since it is impos- 
sible to suit the individual likes of all who attend them. 

It has been the practice in nearly all of these programs 
tor each class to make frank comments to the faculty, 
designed to help them improve their program. And it 
has been by observation that when a preponderance of 
the participants are unfavorable toward a certain course, 
methods of instruction, or an instructor himself, steps 
have been taken to improve the situation. But where 
criticisms come from only a few and are based mainly 
on the personal situation, they have not been considered 
as justification for making changes. It is my opinion 
that this is the correct way of treating comments from 
the group; and the universities are to be commended 
for standing fast in meeting their objectives, even in 
the face of some criticism. 


One of Nine Wildcats 


Naturaliy, it is not feasible to ascertain all of the 
benefits from these programs that have accrued to 
each of the executives who has attended, and elabo- 
ration of detail on the advantages already mentioned 
has been avoided. Perhaps the Humble Oil & Refining 
Company's position can best be summed up by stating 
that it thinks so well of these programs that it is 
continuing to send executives to them. 

However, it should be pointed out that no university 
has a panacea for all the ills of management nor do 
all of them follow the same method in approaching 
the problem of helping management. Each of them is 
trying to utilize the resources it has available to it 
and is not necessarily imitating the methods used by 
others whose resources are different from theirs. And 
attending each program there will be a group of execu- 
tives participating just as diligently and just as enthu- 
siastically as other groups in other programs to get all 
of the possible good out of the program. 

Also, it should be suggested that not too much should 
be expected from those who attend, as all do not respond 
or react equally. The petroleum industry knows that 
only one out of every nine wildcat wells drilled finds 
oil and that the producing wells vary widely in poten- 
tiality and production. So it is with executives who 
attend these programs. Not everyone will get what it 
is hoped he would, but some will, and from these the 
company will be repaid many times for the investment 
made. 


If the opportunity arises to attend one of these 
programs, by all means take advantage of it. If the 
opportunity is not open to you, then find some way 
on your Own initiative to broaden yourself along the 
lines suggested by these programs so you will be better 
equipped to take over broader administrative duties 
and advance in your organization. wiek 
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FEATURE ARTICLE 


THE DYE-PHOTO TOOL: ITS OPERATION and APPLICATIONS 


Cc. BRYANT 


Description of Tool 


The need for an economical, practical method for 
accurately locating zones of water entry in a wellbore 
has long been recognized by production men. The 
development of waterflooding made necessary a means 
of determining which horizons were being flooded, and 
the rate of flooding of each zone during actual opera- 
tions. Research resulted in the Dye-Photo tool shown 
in Fig. 1. 

The tool is designed to measure the translucency 
of any liquid in which it may be suspended. As fluid 
passes between a light source and a photo-electric cell, 
its light transmissive properties are measured. This data 
is transmitted to the surface where it is recorded 
(Fig. 2). By conditioning the fluid in the wellbore 
with an opaque dye, any fluid migration or dilution can 
be detected readily. 


The Dye-Photo tool has three major components: 
(1) a bailer for containing and releasing the dye, 


(2) a photo-electric cell which accurately measures 
any change in light intensity in the conditioned section, 
and (3) a sonic collar locator for coordinating depth 
measurements. The tool is operated by electrical im- 
pulses transmitted from the surface through tne standard 
5/16-in. diameter single-conductor electrical armored 
cable. 


The consolidation of these three components into a 
single tool has greatly reduced the time, and resulting 
expense, required for conducting a survey. Simplicity 
of operations and easily interpreted results are character- 
istics of surveying with the Dye-Photo tool. Accuracy 
of results has been attested by the success of subse- 
quent remedial operations. 


Preparing for Survey 


Certain fundamental preparations should be made 
for conducting a water location survey using the Dye- 
Photo tool: 

1. Water must be standing in the wellbore, at least 
throughout the section to be surveyed. 


2. If water has been injected into the formation 
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recently, the well should be produced in sufficient 
quantity to eliminate the possibility of injected water 
being produced during the survey from a_ normally 
non-producing zone. 


3. The well should be cleaned out to total depth. 
All cavings should be bailed or sand-pumped. 


4. For a pumping well with tubing and rods pulled, 
some method of producing the well (usually either a 
bailer or swab) must be available. 


5. If the well is to be surveyed down the annulus, 
a special wellhead should be installed to minimize the 
hazards of running a line down the annulus. The clear- 
ance between tubing couplings and casing must be 
sufficient to allow the free passage of the tool. 


6. Flowing wells should be equipped with open- 
ended tubing, suspended above the zone to be surveyed. 
(The Dye-Photo tool will pass through a standard 
1-25 /32-in. seating nipple). 


7. If a well containing a packer is to be surveyed 
down tubing, the opening through the packer must be 
sufficiently large to allow passage of the tool. 


8. A mast of some description must be available to 
handle the “derrick” sheave. 


Making a Survey 


In making a survey, the tool is connected to the 
electric pilot cable and all the equipment is surface 
tested. The bailer is then filled with the required amount 
of nigrosine dye. 


The rate of rise of the water in the wellbore is 
established and the tool lowered into the well. As the 
well is traversed to bottom, the normal light-transmis- 
sibility of the water is measured. Simultaneously, depth 
measurements are indicated by the sonic collar locator. 
Collars, perforations, casing seat, and total depth are 
noted. These depth measurements may then be corre- 
lated with those of the well operator. 


After reaching bottom, the tool is raised slowly. 
By opening the bailer electrically at the proper depth 
as the tool moves up the hole, the dye solution is 
dispersed into the fluid in the wellbore throughout 
the section to be surveyed. The bailer is then closed 
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and the thoroughness of the conditioning is checked 
The well can be reconditioned, where necessary. 


The normal survey run is made from the top of the 
conditioned section to total depth. While the tool 1s 
lowered slowly, the recorder indicates any change in 
light intensity caused by the entry of clear water. Upon 
reaching bottom, the tool is raised to the top of the 
conditioned section and another survey run is begun. 
This procedure is continued until the fluid in the zone 
of water entry has regained its original translucency 
(Fig. 3). 

An accurate survey requires that the first appreciable 
change in dye concentration be detected. This change, 
which occurs at the depth where water first enters the 
wellbore, is indicated by displacement of the recording 
trace to the right. This “initial break” accurately 
defines the limits of water entry only if the survey is 
run before significant upward travel of the fluid in the 
wellbore has occurred. Additional curves resulting from 
subsequent runs are for the purpose of confirming the 
initial curve. 

Surveys of this type on wells having a depth of 
3,000 ft have required less than three hours to run, 
including “rigging up” and “tearing down” time. Ab- 
normal conditions or deeper wells may require more 
time. 


Tracing Migrating Water 


The course of migrating water in the wellbore also 
has been traced with the Dye-Photo tool. Migrating 
water, in most instances, enters the well through a leak 
in the casing and moves down-hole to flood the pay 
zone. The usual procedure for locating a casing leak 
is to spot dye at predetermined intervals of depth and 
study the movement of the dyed sections (Fig. 4). By 
conditioning the bracketed section of indicated entry, the 
casing leak can be accurately located. The course of 
fluid migration can be followed down-hole also, to the 
zone of re-entry into the formation. In some wells. 
water moves up-hole and goes out into a thief zone. 
The survey procedure on such wells is essentially the 
same, except that the dyed section is followed up the 
wellbore. 


Relative Permeability Surveys 


Experimental work early in 1952 in the Illinois basin 
resulted in modifications that adapted the Dye-Photo 
tool for performing relative permeability surveys. 


In this application the Dye-Photo tool measures the 
rate of fall of a translucent-opaque interface down a 
hole of known size while water is being injected at a 
known rate. Surveys can be conducted down the casing 
or down the tubing. 


Several general conditions must exist before a suc- 
cessful survey can be conducted. The well should be 
clean. A mast must be available and sufficient water 
for the survey must be accessible. If the survey is to 
be run while tubing is in the hole, the tubing must be 
open-ended and should be raised, not less than 100 ft 
above the top of the section to be surveyed. If there 
is a packer in the tubing string, the opening in the 
packer must be large enough to allow passage of the 
tool. A caliper survey should be available tor accurate 
interpretation of the results. 
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Starting Survey 


The survey is started with the well containing a 
column of water. The Dye-Photo tool is connected 
to the electric pilot cable and tested. The bailer section 
is filled with dye and the tool is run into the well. 
A preliminary run is made and the normal translucence 
ot the fluid in the section to be surveyed is determined. 
Upon reaching bottom, the well is conditioned with dye 
to a point about 100 ft above the top of the section to 
he surveyed. 

The interface between clear water and dyed water 
is then located. Next, the tool is lowered a given dis- 
tance below the interface, normally 2 ft, and water 
injection at a constant rate is started. When the inter- 
face reaches the lens of the Dye-Photo tool, the change 
in light intensity is shown at the surface, and the tool 
is immediately lowered another interval. Time, depth, 
injection rate, and pressure are indicated by suitable 
instruments in the electric pilot control truck and may 
be recorded either manually or automatically. 


The purpose of conditioning an additional 100 ft 
above the section to be surveyed is to regulate the 
injection rate and pressure before the tool reaches the 
zone to be surveyed and to establish a constant rate 
of fall of the interface. When the interface enters the 
survey section, the rate of fall will decrease each time 
a zone of fluid loss is passed. When the interface ceases 
to fall, the injection rate is temporarily increased to 
determine if, under different operating conditions, fluid 
could be injected at greater depths. The tool is then 
withdrawn and the well is returned to normal operation 
(Fig. 5). 


Reading Results 


The recorded results provide the information neces- 
sary for calculating the relative permeability of the 
section. The recorded survey shows time versus depth 
for the position of the survey tool. Because the tool 
was lowered each time the interface reached it, the 
last indicated time for a given depth shows when the 
interface reached that depth. A line, connecting these 
points, shows the position of the interface in relation 
to elapsed time. The slope of the line at any depth 
represents the velocity of the interface at that depth. 
Thus, changes in rate of fall will be indicated by changes 
in slope of the line. Such changes represent fluid loss 
to the formation. Because the hole size plays an impor- 
tant part in the rate of fall of the interface, corrections 
should be made in the survey data to compensate for 
variations in well diameter. 

Changes in velocity are easily converted to changes 
in volume of flow. If the volume of flow is computed 
for any two depths, the difference in volumes will rep- 
resent the loss in that zone. Losses are reported in terms 
of gallons per minute and per cent of total injected 
fluid. 

The volume of fluid which is lost over a given depth 
interval represents the capacity of that interval at the 
survey pressure. The difference between the injection 
pressure and the static pressure is divided into the 
capacity to compute the capacity index, which gives 
capacity in gallons per pound per square inch pressure 
differential at the zone. The length of the section can 
be taken into account by dividing the capacity index 
by the number of feet of formation being considered. 
thus giving the specific capacity index. 
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Fic. 5 — PERFORMING THE RELATIVE PERMEABILITY 
SURVEY. 


Injection rates as low as 0.9 gals.,min and as high 
as 25 gals./min have been used. With high rates, a 
longer surveying interval of depth is required during 
the regulating period. Unless considerable Joss is expe- 
rienced in the first permeable section, a longer interval 
may be necessary in the open hole, also. Too high an 
injection rate makes it impossible to lower the tool fast 
enough to keep up with the interface. 


Field Tests 


First field tests of this technique were made in 
July, 1952. The two wells selected, located in North- 
east Oklahoma, were completed in the Bartlesville Sand. 
Although previously surveyed by other means, the 
contributions of these wells to the flood pattern had 
not supported the results indicated by the surveys. 
These wells displayed considerable contrast in injection 
performance even though they were in the same pool 
and flood pattern. Injection of 13 gals./min was initi- 
ated on one of the wells having a surface vacuum. The 
other well received water at 1.3 gals./min at 220 psi 
surface pressure. The surveys were conducted using an 
injection rate of 13 gals./min on the first well and 0.9 
gals./min on the second. Even though injection rates 
were increased to 42 gals./min and 1.3 gals./min, 
respectively, at the completion of the sufveys, the inter- 
face could not be forced to depths greater than those 
reached during the survey. 


It was found that the subsea depths of the permeable 
zones (corrected for surface elevation) and the per- 
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. 6— DETERMINING WELL RESPONSIBLE 
FOR BREAKTHROUGH. 


centage of fluid loss in each zone correlated between 
the wells, even though the injection rates and pressures 
varied considerably. The results substantiated the cal- 
culated performance of the wells and eliminated expen- 
sive workover programs which previous surveys had 
indicated were required. 


Breakthrough Considerations 


The tool may be employed both in producing and 
injection wells of a given flood pattern. In many 
instances, water will break through into a producer much 
sooner than calculated. Permeability surveys can be 
employed to indicate which injection well is responsible. 
The water location survey can be used to find the zone 
of water entry in the producer (Fig. 6). The zones 
can be correlated and remedial action taken to correct 
the breakthrough. 


In dump flood operations the rate of flooding has 
been measured with the Dye-Photo tool. A portion ot 
the water between the zone of water entry and the 
flooded zone is conditioned. The movement of the 
interface is measured and converted to gallons per 
minute or barrels per day. 
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REPORT and INTERPRETATION 


THE PETROLEUM ENGINEERING HONOR SOCIETY 


D. E. MENZIE 
MEMBER AIME 


In the fall of 1947 a group of students at the 
University of Oklahoma began organizational work 
on an honorary society for petroleum engineering. Led 
by Paul S. Johnston, the group obtained recognition 
on the O. U. campus in January, 1948, and Johnston 
was elected its first president. Thus was founded Pi 
Epsilon Tau, which in only seven years has grown from 
the idea stage into a national organization with chapters 
in eight petroleum engineering schools throughout the 
country. 

The only organization of its kind for petroleum 
engineers, Pi Epsilon Tau has the objective of fostering 
a closer bond between its members and the petroleum 
industry. It also aims to broaden the scope of activities 
of its members and to maintain the high ideals and 
standards of the engineering profession. Most of the 
active members are Student Associates of AIME, and 
the two organizations supplement, rather than dupli- 
cate, each others’ activities. 

Membership in Pi Epsilon Tau is of three classes: 
active, graduate, and honorary. Active members are 
chosen from the junior and senior classes for their 
scholastic ability, leadership, and sociability. Member- 
ship is drawn from the upper third of the senior class, 
from which 25 per cent will be accepted. The upper 
fourth of the junior class is eligible, but not more than 
17 per cent will be accepted. Graduate members are 
those who have graduated from recognized colleges 
while members of Pi Epsilon Tau. Honorary members 
are chosen from technical graduates with outstand- 
ing achievements in petroleum engineering. 

After the organization of Alpha Chapter at the 
University of Oklahoma, money from Alpha’s fund 
was allocated to help establish Pi Epsilon Tau as a 
national society. The Association of College Honor 
Societies (ACHS) was approached regarding accep- 
tance. The constitution of Pi Epsilon Tau national 
organization has been expanded and recognition by 
ACHS is expected at any time. 

On Apr. 9, 1949, six officers and members of the 
O. U. Alpha Chapter made a trip to Tulsa and estab- 
lished the Beta Chapter at the University of Tulsa. 
This was the first expansion of Pi Epsilon Tau and 
the second phase of a movement to put an active 
chapter at each of the 17 or more universities offering 
BS degrees in petroleum engineering in the United 
States. Other chapters were installed in rapid succession, 
until today the organization has a membership of more 
than a thousand in eight chapters, as shown in the 
table. 
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NATIONAL EXECUTIVE SECRETARY 
Pl EPSILON TAU 
AND 
ASSISTANT PROFESSOR OF PETROLEUM ENGINEERING 
UNIVERSITY OF OKLAHOMA 


Number 

Date Number Honarary 

School Chapter F ded Members Members 
University of Oklahoma Alpha January, 1948 475 46 
University of Tulsa Beta April, 1949 170 19 
Texas Tech. College Gamma November, 1949 70 W 
Louisiana State University Delta Fall, 1949 81 7 
Univ. of Southern Calif. Epsilon February, 1950 51 6 
Marietta College of Ohio Zeta November, 1951 W 3 
University of California Eta March, 1952 15 4 
Penn State University Theta April, 1953 39 2 
Total 912 98 


The national council, governing body of the society, 
has been active in putting it on a national basis. Pi 
Epsilon Tau was incorporated in Oklahoma on Apr. 15, 
1950. Arrangements were made for a key, and for a 
membership certificate to be presented to each new 
member. The present national organization is head- 
quartered at the University of Oklahoma. 

The various chapters are contributing to the schools 
of which they are a part, and are sponsoring many 
worthwhile projects. Alpha Chapter has sponsored 
several field trips to petroleum field operations. This 
chapter is now engaged in obtaining money for a 
scholarship and loan fund to be awarded to students 
of the School of Petroleum Engineering at the University 
of Oklahoma. 

An annual award, presented to one outstanding 
student of petroleum engineering is an encouragement 
for better scholarship, has been an activity of the Uni- 
versity of Oklahoma chapter. It also sponsors an annual 
faculty-student picnic and aids other groups in work 
which will help the petroleum engineering student. 

Other chapters are at work on such worthwhile 
projects as (1) a student evaluation of petroleum 
courses, (2) supplying entertainment for the Petroleum 
Engineering Club meetings, (3) Pi Epsilon Tau song 
which will help bind the members in closer fellowship, 
(4) purchase of a brass insignia which can be polished 
and mounted as a Pi Epsilon Tau key for home or 
office, (5) a list of scholarships which are available 
at a school for petroleum engineering students, (6) a 
list of loan funds available at a school for petroleum 
engineering students. 

Pi Epsilon Tau as a national organization is young 
(five years old), but already its members are filling 
important positions in many oil companies. How can 
an organization of men of this caliber fail to grow in 
strength and importance? Pi Epsilon Tau is made up 
of the cream of the crop of young petroleum engineers. 
This group has a future. Twenty years from now you 
will find members of Pi Epsilon Tau holding the more 
important positions in many companies, and who would 
hazard a guess as to the number of chapters which 
will be operating at that time. tick 
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Dowell engineers were called to treat this salt water disposal well when the injection rate 
had dropped to 5 Bwen. A Waterfrac treatment increased the injection rate to 159 Bwen. 


Thickened water and sand used 
to fracture problem formations, 
increasing well capacity 


OT 2 
. 


An injection well on a water flooding project would take only 25 Bwep. A Waterfrac treat- 


ment 


y Dowell increased the well’s capacity to 300 Bwep, which settled down to 230 Bwep. 


TREATMENT FOR WATER INSECTION WELLS 


With Waterfrac*, it is now possible to fracture salt water 
injection and disposal wells and water supply wells more 
effectively than ever before. This new Dowell treatment is 
designed for formations in which use of an oil-base frac- 
turing medium might be undesirable or even detrimental. 


Waterfrac treatments use thickened, fresh or salt water as 
the carrying medium for the sand. Special Dowell equip- 
ment is used to prepare the Waterfrac material quickly 
and easily on the well location. 


DOWELL SERVICE 


fracturing services for the oil industry 


High concentrations of sand can be used and the size of 
sand grains may be varied during a single treatment. A 
fine-grain sand can be used to prop open initial fractures 
and facilitate the later entry of larger grains. This patented 
process** lessens the danger screen-outs. It is also 
designed to prevent the return of sand to the well bore. 


Take advantage now of this new Dowell service to help 
your wells. Call the Dowell office nearest you, or write 
DOWELL INCORPORATED, Tulsa 1, Oklahoma, Dept. J-12. 


*4 Service Mark of Dowell Incorporated 
Patent No. 2,354,570—licensed only to Dowell Incorporated 


A SERVICE SUBSIDIARY OF THE DOW CHEMICAL COMPANY 
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Write for catalogs, engineer- 
ing service or a representative's 
call. We invite your inquiries. 


Design simplicity . . . 
rugged construction 


Aldrich Pumps are built to take 
punishing service year after year. 
You can find Aldrich Pumps, today, 
in good running order after 30, 40 
and even 50 years of service. Dura- 
bility such as this is the result of 
Aldrich’s design simplicity and 
rugged construction. 


Accessibility . . . sectionalization 


When wearing parts are due for 
replacement, in Aldrich Pumps they 
can be replaced easily, quickly and 
at low cost. For instance, manifolds 


can be moved out on the holding 
studs and you can lift out and replace 
valves as complete units. . . . Stuffing 
boxes are particularly accessible— 
making it easy to renew packing. ... 
To meet a change in pressure or 
capacity requirements, plunger sizes 
can be changed —in most cases 
merely by using new glands, throat 
bushings and packing in the same 
fluid-end. . . . Wearing parts are in- 
terchangeable among pumps of the 
same stroke size. . . . Fluid-ends are 
sectionalized to make possible low 
cost parts replacement and can be 
made of stainless steel, bronze, 
Monel or other material. 


Aldrich Pumps Are Used For: 


Water flooding 
Salt water disposal 
Lean oil service 
Reactor charge 
Crude and gathering lines 
Product lines 
Bottom hole pump service 
Liquid hydrocarbons 
Aldrich Pump spare parts 


are stocked at Mid-Continent 
and California locations. 


Representatives in 
Principal Cities 


The Aldrich Pump Company 


30 Pine Street Allentown Pennsylvania 
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ALDRICH PUMPS RANGE FROM 10 TO 2400 HORSEPOWER | 
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Many water blocks which have impaired or even cut off pro- 
duction have been removed at exceptionally low cost by 
means of a new treatment using ATPET 931 . . . a unique inter- 
facial tension depressant developed by Atlas Powder Com- 
pany. Low producers and dead wells have been restored to top 
allowable production. Even new wells subject to water damage 
have been successfully treated. 


The process 


Developed* by the Stanolind Oil and Gas Company, this new 
process has been applied successfully to 39 water damaged wells 
in 9 different formations. Briefly, the process consists of treating 
the formation with field crude containing approximately 1°; 
ATPET 931. Usually, from 10 to 100 gallons of the chemical is 
needed per well. The crude oil containing ATPET 931 is forced 
into the producing formation . . . the chemical reduces the 
interfacial tension between oil and the water that is blocking 
the oil flow . . . removes the water block . . . and the well is 
ready to be produced. 


Usually the improvement is noted quickly, although some wells 
have continued to improve over a period of several months. 


What ATPET 931 is 


ATPET 931 is an oil soluble, non-ionic surfactant possessing a 
unique combination of qualities. 


@ ... Extremely effective . . . lowers interfacial tension prac- 
tically to zero even at very low concentrations. 


@ ...Non-ionic nature gives optimum performance in 
presence of varied oil field waters énd brines, providing 
unique detergent action to effect the removal of water. 


@  ATPET 931 is not a sulfonate or amine and thus avoids the 
tendency of these compounds to plate out on solid sur- 
faces. Chemically, ATPET 931 is a non-ionic surfactant 
containing only carbon, oxygen and hydrogen. 


*Pat. applied for 


ATPET 
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productivity water-damaged wells 


Quick pay-out 


The cost of using ATPET 931 is extremely low. The simple process normally 
requires only minimum pumping equipment. The compound’s remarkable 
effectiveness cuts chemical costs. As a result, pay-out time is measured in days 
instead of months, as illustrated by the case histories. In the evaluation 
stages of this process, reporting 90 treatments, the average increase in oil 
production was 13.5 barrels of oil per day including the unsuccessful work- 
overs, and an average pay-out of approximately 20 days was indicated. The 
average successful workover increased production 32 BOPD per well, for a 
production increase of 172‘,. Here are some case histories: 


WELL #1... A Gulf Coast well in the Frio sand 
had been producing 68 BOPD and 204 BWPD 
flowing when it died. It was treated with 20 gal. 
ATPET 931 in 20 bbl. oil and is now producing 
its top allowable of 68 BOPD and 240 BWPD 
at a 90 psi. T.P. 


WELL #2... This well completed in a relatively 
poor section of the Discorbis sand in 1940 had 
produced over 220,000 bbl. of oil when an un- 
successful workover in late 1952 killed the well. 
Several cleanouts and screen repairs were per- 
formed but production could not be regained. 
In early 1953 seven casing leaks were repaired, 
but salt water flowed into the well from an 
upper formation for several weeks. Ten gal. 
ATPET 931 in 1000 gal. of crude oil, was squeezed 
into the formation at 1000 psi. The well tested 
67 BOPD and 20 BWPD flowing. It was later 
potentialed at 63 BOPD and 27 BWPD using 
a gas lift. This well is still producing its top 
allowable of 42 BOPD. 

Before treatment the well was considered hope- 
less and the treatment was in the nature of a 
last resort. 


POWDER COM PANY 
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WELL #3... This West Texas well in the Grey- 
burg formation was producing 12 BOPD and 
0 BWPD when it was treated with 5000 gal. 
crude oil containing 1% ATPET 931. Production 
was increased immediately to 40 BOPD and 
1 BWPD and four months after the workover 
production had gradually increased to 47 BOPD 
and 4 BWPD. 


WELL #4 ... This West Texas well in the 
Greyburg formation was producing 39 BOPD 
and 3 BWPD when it was treated with 5000 
gal. crude oil containing 1% ATPET 931. Ten 
days after the treatment, no production increase 
was observed and the treatment was considered 
a failure. However, three months after the 
work>ver, production had increased to 59 
BOPD and 3 BWPD. 
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Production protection applications 


Related applications for ATPET 931 which suggest themselves to 

the treating engineer include the following: 

@ Completions . .. Where water from mud or drilling operations 
may damage the formation and as a perforating fluid where 
water sensitive formations are encountered. 

®@ Recovery of Spent Acid . . . Ahead of acid jobs where recovery 
of spent acid may be a problem. 

@ = Fracturing. . . Ahead of fracturing jobs to combine the effec- 
tiveness of both methods of production stimulation. 


@ Cementing . . . Ahead of cementing operations where it is 
feared water from the cement may damage the producing 
formation. 

@ Well Logging .. . procedures including the loading of the hole 
with water . . . ATPET 931 ahead of these operations may aid 


in regaining production. 
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EFFECT of GAS SLIP on UNSTEADY FLOW of GAS through POROUS 
MEDIA — EXPERIMENTAL VERIFICATION 


G. C. WALLICK 
J. S. ARONOFSKY 
MEMBER AIME 


ABSTRACT 


This paper presents an experimental verification of 
numerical solutions of the differential equation describ- 
ing the transient flow of an ideal gas through a porous 
material including gas slip effects. Several experiments 
previously proposed by one of the authors are described 
together with the correlation of the experimental results 
with the numerical solutions. Excellent agreement is 
shown between experiment and theory, thus demon- 
strating the validity of both the basic assumption made 
in the derivation of the differential equation and of the 
numerical solutions of the differential equation. 


INTRODUCTION 


In a recent paper,’ one of the authors has discussed 
a numerical solution of the differential equation describ- 
ing the unsteady flow of an ideal gas through a porous 
material. This paper was primarily concerned with 
the effect of gas slip on the flow behavior. In steady 
state measurements, Klinkenberg* and others have 
observed that the apparent gas permeability /, of a 
porous material may be expressed as a linear function 
of the reciprocal average pressure | /P of the form, 


where the intercept 6 is a constant for a given porous 
material and the slope m is a constant for a given porous 
material-gas combination. Aronofsky’ assumed that 
Equation (1) could be used to describe transient flow it 
P was replaced by the average pressure in an infinites- 
imal volume element. A number of numerical solu- 
tions of the resultant differential equation were presented 
and specific flow experiments were proposed as a means 
of testing the numerical solutions. The purpose of the 
present paper is to describe the results of several of 
these experiments and the correlation of the experi- 
mental data with the results of the numerical analysis. 
Reference should be made to the previous paper’ for 
details of the mathematical and numerical analysis. 


‘References given at end of paper. 
Manuscript received in Petro'eum Branch offices on Aug. 19, 1954. 


PETROLEUM TRANSACTIONS, AIME 


MAGNOLIA FIELD RESEARCH LABORATORIES 
DALLAS, TEX. 


EXPERIMENTAL PROCEDURE 


A simplified schematic drawing of the experimental 
apparatus is shown in Fig. 1. An 8.89 cm diameter 
limestone core of length L = 14.82 cm was mounted 
in a conventional rubber sleeve permeameter cell. The 
external sleeve pressure in this cell was maintained 
equal to 500 psig during all experimental tests, thus 
permitting only longitudinal flow through the core. One 
end of the core, X = L, was connected to an adjustable 
cavity of volume V as well as a pressure gauge o1 
manometer. The other end of the core, X = O, was 
connected to a Nullmatic pressure regulator which was 
in turn connected to a nitrogen cylinder or vacuum 
pump. In each experiment, the core and adjacent dead 
volume were charged with nitrogen to a uniform gas 
pressure P,. The pressure at Y¥ = O was then suddenly 
raised or lowered to a constant pressure P, and the 
resulting pressure buildup or pressure decline at ¥ = L 
was recorded as a function of the time. 


The porosity » and the permeability constants m 
and b were determined using the transient method 
which was suggested by the results of the numerical 
analysis and which was described in the earlier paper.’ 
The following average values for these constants were 
obtained as a result of 19 separate evaluations: m = 
0.259 + 0.005 md-atm: hb = 0.374 + 0.008 md: and 


PRESSURE OR 
VACUUM SOURCE 


R- PRESSURE REGULATOR 


V- VARIABLE DEAD VOLUME 
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Fic. 2 — INFLUENCE OF MAXIMUM PREsSURE P,, = P, 
ON PREssuRE History AT X = L. COMPARISON OF 
EXPERIMENTAL DATA WITH NUMERICAL 
So.uTions. P,/P, = 0.1. 


@ = 0.098 + 0.005*. It should be noted that in order 
that transient phenomena will be slow enough to be 
observed conveniently, it is desirable to use a porous 
material of very low permeability, e.g. less than 1 
md. Moreover, it is in this low permeability range 
that the gas slip effects are most significant. Thus, such 
a low permeability sample is very suitable for use in an 
experimental verification of the numerical solutions pre- 
viously described. 


The following experiments, suggested in the previous 
paper, have been carried out and the data thus obtained 
correlated with numerical solutions in which the above 
values for m, 6, and ¢ were used. 


1. The factors m and 4 and the ratio of dead volume 
to pore volume V/V, were held constant. The maximum 
pressure P,,, in the system was then varied in a series of 
experiments by starting at different initial pressures 
for the fixed value of P,/P, = 0.10. 


2. The factors m, 6, V/V,, and P,, were held con- 
stant, while the ratio P,/P, was varied. 


3. The factors m, 6, P,,, and P,;/P, were held con- 
stant, while the ratio V/V, was varied by adjusting V. 


These three experiments, investigating the effects of 
variation of each of the three factors P,,, P;/P;, and 
V/V, could be carried out using only one gas and 
one porous core, and it is such a series of experiments 
which is described in the present paper. In order to 
investigate the effects of the factors m and b it would 
be necessary to employ several different cores and 
different gases. Such an extensive experimental pro- 
gram was considered to be beyond the scope of this 
investigation. 


CORRELATION OF EXPERIMENT 
AND THEORY 


The analysis of the numerical solutions of the 
transient gas flow equation indicated that, in a series 


*These values as obtained by the transient method were in agreement 
with values obtained by steady state measurements to within the 
accuracy of the steady state measurements (approximately 10 


per cent). 


of depletion experiments carried out with a fixed ratio 
of P,/P,, the rate of pressure decline in the core would 
be strongly dependent upon the value of the maximum 
pressure P,, in the system. (For P;/P, < 1.0, Pn =P; 
for P,/P, > 1.0, P. = Pr.) Five depletion experiments 
were carried out to investigate this dependence. The 
same ratio of P,/P, = 0.1 was used in each test and 
the initial pressure in the system, P, = P,, was set 
successively at 1, 2, 4, 8, and 16 atmospheres. 


A comparison of the experimentally observed pressure 
history curves at X = L with the pressure curves pre- 
dicted by the numerical analysis is shown in Fig. 2. 
In this figure the solid curves are the numerical solu- 
tions and the individual points represent the experi- 
mental data. A different symbol has been used to repre- 
sent the experimental data corresponding to each of 
the five values of P,,, e.g., the circles represent the 


data for P,, = 16 atm. The agreement between experi- 
ment and theory is very satisfactory with the exception 
of the case where P,, 1 atm. Since there is no 


apparent factor in the calculation procedure which 
would render one numerical solution less accurate than 
another, this deviation is probably due to small errors 
in the low pressure measurements. There is a deviation 
of the experimental data from the theoretical curves 
during the early transient period in each of the five 
cases. Several factors may have contributed to this 
deviation. The shape of the experimental decline curves 
could very well have been influenced by the time 
required to open the valve isolating the core from 
the pressure regulator. In addition it is likely that the 
pressure regulator could not maintain a constant pres- 
sure at the end of the core, (¥ = QO), during the initial 
transient period. It is also possible that inertial effects, 
neglected in the original formulation of the problem, 
may have been important in the early transient period. 


It is significant that for the five pressure history 
curves shown there is no consistent type of deviation of 
the experimental data from the theoretical curves. This 
more or less random deviation indicates that the 
observed discrepancies between experiment and theory 
may for the most part be attributed to experimental 
error. 

The numerical solutions indicated that he rate of 
pressure increase or decline within a core in an injec- 
tion or depletion experiment is very dependent upon 
the ratio P,;/P,. To investigate this dependence experi- 
mentally, the factors m, b, V/V,, and P,, were held 
constant in each of two injection experiments and two 
depletion experiments and only the ratio P,;/P, was 
varied. In each of these tests, a maximum pressure 
P,, = 10 atm. was used and the ratio P,/P, was estab- 
lished successively equal to 10.0, 2.0, 0.5, and 0.1. 
The resultant pressure buildup and decline curves are 
shown in Fig. 3. In this figure the solid curves are 
the numerical solutions and the individual points rep- 
resent the experimental data. A different symbol has 
been used to represent the experimental data correspond- 
ing to each of the four values of P,;/P,. With the 
exception of the early transient period, there is excel- 
lent agreement between experiment and theory. The 
possible reasons for this initial deviation are the same 
as those discussed in connection with Fig. 2. 

In the previous paper it was shown that for a series 
of depletion experiments with constant values for the 
factors m, 6, P,,, and P,;/P,, the time © in seconds 
required for the pressure at the end of the core, X =L, 
to reach 55 per cent of P,, could be expressed approxi- 


OCTOBER, 1954 * JOURNAL OF PETROLEUM TECHNOLOGY 


| 
> | | | 
| | 
28 


[Pit 


— 4 4 


L 
4 8 6 20 248 
P, (ATM) X t (SEC) x10~2 
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mately in terms of the cavity volume to pore volume 
ratio V/V, as 


= A + B(V/V,) (2) 


This dependence of © on the ratio V/V, was investi- 
gated experimentally for both injection and depletion, 
setting P;/P, equal to 0.1 for depletion and equal to 
10.0 for injection. The method of least squares was 
applied to the experimental values for the intercept A 
and the slope B of the straight line described by Equa- 
tion (2). The numerical solutions indicated that Equa- 
tion (2) was also valid for injection if different values for 
A and B were introduced. Therefore, the same method 
was used to obtain experimental values for A and B 
for injection. The method of least squares was also used 
to obtain the best theoretical values for A and B for 
depletion and corresponding values for injection. 


The results of this investigation are summarized in 
Fig. 4. In this figure, the solid lines represent the 
theoretical predictions; the individual points, the exper- 
imental data; and the broken lines, the best straight 
lines through the experimental points as determined 
by the method of least squares. The agreement between 
experiment and theory is seen to be very satisfactory. 
For both the depletion and injection experiments, it was 
found that the theoretical values for the constants A 
and B were in agreement with the experimental values 
to within 2.0 per cent. This close agreement is very 
significant in view of the fact that the largest value 
for V/V, used in the theoretical determination of these 
constants was V/V, = 2.0 while the largest experimental 
value for this ratio was V/V, = 14.0. 


The correlation of experiment and theory, repre- 
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sented in Figs. 2, 3, and 4, provides strong evidence 
of the validity of the numerical solutions described in the 
earlier paper. Moreover, since the transient method for 
determining m, b, and ¢ was based upon the numerical 
solutions, the consistency of the method and the reason- 
able agreement of the results of the method with steady 
state measurements may be considered as a further 
verification of the numerical solutions. It is believed 
that a refinement of the experimental techniques em- 
ployed in this investigation would result in an even more 
satisfactory correlation. At the same time, deviations 
in experiment and theory in the earlier transient period 
indicate that further refinements may be needed in the 
theoretical formulation to extend the range of validity 
to higher gas flow velocities. 
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PRODUCTION of WATER-DRIVEN RESERVOIRS 
below their BUBBLE POINT 


A. B. DYES 
MEMBER AIME 


ABSTRACT 


In the operation of a water-driven reservoir, a free 
gas saturation can be established by maintaining pro- 
duction rates fast enough to cause the reservoir pressure 
to decline below the bubble point. The benefit of such 
a procedure on the displacement efficiency of the oil 
by water is illustrated for two types of sandstone sam- 
ples from one reservoir. Those rock samples showing 
the poorest recovery to water drive in the absence of 
a free gas saturation give the most improvement in the 
presence of a free gas saturation. Employing one type 
of reservoir fluid (low shrinkage) the benefit of evolved 
gas on oil displacement is calculated at several reservoir 
pressures below the bubble point. This demonstrates the 
presence of an optimum pressure for water displace- 
ment which is several hundred pounds per square inch 
below the bubble point. Displacement of oil at the 
optimum pressures results in the removal of 7 to 12 
per cent more oil than would be obtained by displace- 
ment at the bubble point pressure. In some instances 
this magnitude of increase may be worthy of considera- 
tion in establishing the maximum efficient rate of pro- 
duction from many water-driven fields. 


INTRODUCTION 


For many years the belief that the use of gas could 


‘References given at end of paper. 

Manuscript received in Petroleum Branch office Aug. 2, 1954. 
Paper presented at Petroleum Branch Fal! Meeting in San Antonio, 
Oct. 17-20, 1954. 

Discussion of this and all following technical papers is invited 
Discussion in writing (3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any discussion offered after Dec 
81, 1954, should be in the form of a new paper 
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be combined with that of water to result in a better 
recovery operation than the use of either of these phases 
alone has been prevalent in the oil industry. This is 
evidenced by the several field trials which have em- 
ployed the injection of gas and water in combina- 
tion.**** In most cases the small amount of any addi- 
tional recovery, in combination with the limited knowl- 
edge available on the older reservoirs, has left uncertain 
the influence of gas on recovery in these earlier attempts 
to combine the use of gas with water. 


Research ‘studies in recent years have demonstrated 
through laboratory floods the magnitude of the benefit 
of the presence of gas on the displacement of oil from 
sandstones by water."*"*""" In addition, studies of 
the distributions of the phases which are present during 
the displacement process have developed concepts con- 
cerning the mechanism by which this benefit is ob- 
tained.” It now remains for the engineer to incor- 
porate these findings into the general technology of 
reservoir operations. 


It is the purpose of this paper to illustrate that the 
production of a water-driven reservoir at pressures 
below the bubble point is one such operation whereby 
improved oil displacement efficiency can be obtained 
as a result of gas evolution. The establishment of a 
gas saturation by evolution of dissolved gas was one of 
the techniques used by several investigators in the 
laboratory studies. The possibility of obtaining the bene- 
fit of gas evolution in water-driven reservoirs by pro- 
ducing at pressures less than the bubble point has also 
been pointed out previously.” 


The desirability of this operation has undoubtedly 
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been considered by many engineers. However, it is 
proper at this time to illustrate the magnitude of 
the improvement in oil displacement efficiency to be 
obtained by producing water-driven reservoirs below 
the bubble point pressure and to stimulate considera- 
tion of this subject. It is also pertinent to the estab- 
lishment of a sound maximum efficient rate of pro- 
duction for a given field to emphasize that the optimum 
pressure for maximum oil displacement in water-driven 
reservoirs is not at the bubble point as has often been 
considered to be the case in establishing rates of pro- 
duction. If we are to take advantage of the maximum 
benefit of gas evolution on oil recovery, the desirability 
of producing water-driven reservoirs at pressures sev- 
eral hundred pounds per square inch less than the 
bubble point for those cases in which the well pro- 
ductivity and rock and fluid properties are suitable 
must be emphasized. 


EXPERIMENTAL DATA 


When a mobile gas saturation is present in the rock 
prior to water flooding, the flow of oil ahead of the 
invading water will generally reduce the gas to an 
immobile saturation in the oil bank region. The benefit 
of gas on the displacement of oil by water then results 
from the immobile gas saturation present at the water 
displacing front. Since the residual gas saturation has 
been shown to be a function of the initial gas satura- 
tion,” the measurement of the influence of various 
residual gas saturations on the efficiency of the oil dis- 
placement by water is necessary for each specific 
reservoir. 


For the reservoir employed as an illustration in this 
paper, these data were obtained on small core samples. 
Historically, the use of small cores in flooding experi- 


ments has presented difficulties in maintaining desired 
accuracy in saturation determinations and in specifying 
the appropriate laboratory flood conditions to give re- 
sults applicable to field behavior. The development of 
equipment and laboratory techniques utilizing small 
cores for this purpose (1 in. length, .87 in. diameter) 
has progressed in our laboratory to the point that data 
obtained in this manner for conventional waterflood- 
ing is as reliable as that obtained through the measure- 
ment of relative permeability curves by the capillary 
pressure method. The latter is commonly used in making 
flood studies. 


The small core flooding equipment was used in 
measuring the benefit of the presence of gas on the 
water displacement of oil. The cores were carried 
through the following sequence of operations: (1) ir- 
reducible water in the presence of oil was established 
by restored state techniques, (2) an initial gas satura- 
tion was established by gas injection, (3) the oil and 
gas saturations were reduced to residual by a water- 
flood, and (4) the value of the residual gas saturation 
was determined by material balance at the conclusion 
of the flood. The oil saturation remaining at a water- 
oil ratio of 100:1 was taken to be residual oil and 
is referred to as such throughout this discussion. 

In this type study, it is essential that the free gas 
saturation present in the oil bank not be dissolved 
under the pressure gradients employed. The floods were 
conducted at low pressure gradients across the cores of 
a few pounds per square inch generally between 1 and 
5 psi, and a negligible amount of gas was dissolved. 
However, the rates of flooding were high enough to 
minimize end effects. The phases employed were brine, 
a light oil (tri-isobutylene) and air. 

The relation between initial and residual gas satura- 
tions for two of the different groups of rock properties 
is illustrated in Fig. 1. Measurements on five cores in 
Group A and three cores in Group B were obtained. 
At low gas saturations there is little difference in the 
relationship between the initial and residual gas satura- 
tions for the two core groups. However, at Figh initial 
gas saturations the two core groups show a difference. 
It would be expected that high initial gas saturations 
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would result in higher residual gas saturations in core 
Group B than in core Group A. This would be expected 
since the two groups show a marked difference in the 
residual oil saturation to a waterflood. Both gas and 
oil act as a nonwetting phase during the water flood, 
consequently the maximum residual gas saturation 
would be expected to be the same as the residual oil 
saturation which is obtained in the absence of gas. The 
relationship between initial and residual gas saturations 
of Fig. 2 appears to extrapolate to the values of the 
residual oil saturations of 26 per cent for core Group A 
and 37 per cent for core Group 'B. 


The influence of various gas saturations on the aver- 
age residual oil saturation is illustrated in Fig. 2. The 
average curves are shown for the two core groups rep- 
resenting five cores in Group A and three cores in 
Group B. At low gas saturations the reduction in oil 
saturation is nearly equal to the residual gas saturation 
present. Also, it appears that the cores showing the 
poorest displacement of oil by water in the absence of 
a gas saturation also show the most benefit to the 
presence of gas. 


These experimental data were obtained for a water- 
to-oil viscosity ratio of 0.3. For the specific reservoir 
under study this viscosity ratio is 0.5 at the bubble point 
pressure and declines to 0.2 at 100 psi. In the calcula- 
tions which illustrate the influence of the gas saturation 
established under this pressure decline on the oil dis- 
placement efficiency by water, it is necessary to consider 
the reduction in the oil displacement efficiency which 
results from the lower viscosity ratios. When the change 
in the viscosity ratio is large, laboratory floods would 
be required at several viscosity ratios. 


For the reservoir under study, floods were conducted 
at a zero gas saturation for one other viscosity ratio 
(0.7). The change in residual oil of 2 pore per cent 
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was too small to justify extensive additional flooding 
tests at other ratios and at other gas saturations. The 
flooding data at the two viscosity ratios were used to 
estimate by interpolation and extrapolation the change 
in residual oil which results from the change in the 
viscosity ratio from 0.5 to 0.2 which occurs during 
the pressure decline in the reservoir. This is shown as 
the dashed curve in Fig. 2. The residual oil saturation 
differs from that of the experimental curve obtained 
at a viscosity ratio of 0.3 by only 1 pore per cent. 
The pressure-volume-temperature relationships of the 
reservoir fluid in the sample case illustrated here are 
summarized in Table 1. This fluid could be classified 
as one of low shrinkage. The reservoir is considered 
to be saturated initially. The experimental relative 
permeability relationships of the oil-gas system were 
obtained by the capillary pressure method.” These 
relationships for the two core groups are shown in 
Fig. 3. 


CALCULATION PROCEDURE 


In illustrating the benefit of gas on the oil displace- 
ment efficiency by water during production of a water- 
drive reservoir below the bubble point, a simplification 
in the calculation procedure will be employed. This sim- 
plification will assume that the reservoir is depleted by 
solution gas drive to various pressures, followed by 
water displacement of the oil at each of these pressures. 


The method presented by Muskat™ for the calcula- 
tion of solution gas drive behavior was employed in 
obtaining the recovery and gas saturation resulting 
from this production mechanism at each of the several 
pressures. The residual oil left after the water flood 
at each of these pressures was taken for the appropriate 
condition from the data of Fig. 2. While the experi- 
mental data represents the influence of injected gas, 
it has been shown that the influence of either injected 
or evolved gas is approximately the same.” 


In practice, the pressure decline below the bubble 
point in a water-driven reservoir is continuously in- 
fluenced by the water encroachment. The exact solution 
to a specific case would involve the analysis of the 
gas distribution present in the reservoir throughout its 
pressure decline history and the analysis of the influence 
of that gas distribution on the oil displacement. In 
illustrating the presence of an optimum pressure and 
approximate magnitude of the effect of this optimum 
pressure for utilizing the benefit of gas evolution on 
the oil displacement efficiency, the above-mentioned 
simplification appears justified. The influence of this type 
operation on the displacement efficiency is illustrated 
for two of the types of rock material present within 
the reservoir under study since the average behavior 
of many reservoirs may fall between these two examples. 
For any given reservoir it is necessary to develop an 


TABLE 1 — FLUID PROPERTIES 


Formation 
Formation Volume ee 
Factor Res. bbi Gas 
Pressure Viscosity Res. hb! ‘STB Da-idunl hh! Solubility 
psig c.p. (flash) (differentia! SCF /STB 
2,186 74 1.284 1.334 438 
Bubble Point 
2,000 78 1.257 1.317 406 
1,500 9) 1.195 1.275 313 
1,000 1.07 1.142 1.230 212 
500 1.24 1.092 1.183 109 
100 1.51 1054 1141 23 
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analysis specific to that reservoir and its individual 
pressure decline history. The rock samples used here 
are from a Wilcox Sand reservoir. 


BENEFIT OF GAS 
The benefit of gas evolution on the oil displacement 
efficiency by water in water-driven reservoirs produc- 
ing below the bubble point pressure is illustrated in 
Fig. 4 and summarized in Table 2. This is illustrated 


by showing the total oil recovery to be obtained by a 
solution gas drive to each given pressure, plus the 
oil recovery to be obtained by water displacement at 
each given pressure. 

The curves of Fig. 4 illustrate that a significant 
improvement in oil recovery is obtained during the 
first few hundred pounds per square inch decline of the 
reservoir pressure below the bubble point. They also 
illustrate the presence of an optimum pressure for the 
displacement of the oil by water in the presence of 
evolved solution gas. At the optimum pressure (about 
900 psi below the bubble point) a 7 to 12 per cent 
increase in recovery is obtained over that which would 
result from a flood at the bubble point pressure. At 
low pressures the shrinkage of the oil and the increased 
oil viscosity are sufficient to result in a lower total oil 
recovery even though the presence of a gas saturation 
is exerting a beneficial effect in reducing the residual 
oil saturation. 

The effect of the gas saturation is illustrated in the 
lower pressure region of Fig. 4 by assuming that the 
gas is re-dissolved. This re-solution of the gas may 
frequently happen late in the life of a partial water 
drive when the reservoir voidage rates have declined 
low enough to permit some re-pressuring of the reser- 
voir. At pressures less than 500 psi, the standard cubic 
feet of free gas present in the reservoir are low enough 
to require only small pressure increases to cause re- 
solution of all of the gas. The benefit of gas on the 
oil displacement by water is also frequently lost in low 
pressure water injection operations as a result of 
re-solution of the gas under the injection pressure 
gradients normally employed. 


While the illustration of the benefit of gas was ob- 
tained for a fluid of low shrinkage, the qualitative 
influence of other fluids can be speculated upon. A 
higher shrinkage oil would show an optimum pressure 
for displacement by water which is nearer the bubble 
point pressure; the broad pressure region showing little 
change in recovery would be compressed and the 
difference between the maximum and minimum recovery 
shown in Fig. 4 would be enlarged. 


In the foregoing discussion the benefit of gas on the 
displacement of oil in the volume of a reservoir con- 


TABLE 2 — CALCULATED RECOVERY BY SOLUTION GAS DRIVE PLUS THAT OBTAINED BY WATER DISPLACEMENT 


Pressure, psig 2,186 2,000 1,800 
Core Group A 8 A 


Solution Gas 
Drive Recovery 0 0 7.1 
Per Cent Initial Oi! 


Gas Saturation 
Present at Start 
of Waterflood 

Fractional P.V. 


Oil Saturation 

Present at Start 

of Waterflood 0.800 - 0.700 
Fractional P.V. 


Residual Gas 
Saturation 
Fractional P.V. 


Residual Oil 

Saturation 

After Waterflood 0.258 0.376 .239 
Fractional P.V. 


Oil Recovery 
During Waterflood 67.7 462 663 
Per Cent Initial Oi! 


Total Oil Recovery 
of Solution Gas 
Drive Plus 
Waterflood 

Per Cent Initial Oi! 


Connate Water 
Per Cent Pore Volume 


1,400 1,000 
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tacted by the invading water has been illustrated. How- 
ever, the evolution of gas may frequently cause a 
greater percentage loss in the relative permeability to 
oil than to water (at low gas saturations the water 
saturation in the invaded region is little affected). This 
relative permeability change reduces the mobility of 
the unswept region with respect to the mobility of 
the swept region and this may adversely affect the 
sweepout pattern. 

In injection operations it has been shown that the 
amount of oil recovered prior to breakthrough of the 
displacing phase as well as the ultimate sweepout pattern 
attained by continued production after breakthrough 
are adversely affected by reductions in mobility ratio.’ 
It would also be expected that the sweepout pattern 
developed by natural water encroachment would also 
be adversely affected by reductions in the mobility 
ratio. The effect of gas evolution on the sweepout 
pattern must be considered for each reservoir. In some 
instances, particularly with high viscosity oils, the loss 
in oil recovery resulting from the reduction in the vol- 
ume of the reservoir to be invaded at the lower 
mobility ratios may be greater than the additional re- 
covery resulting from an increased oil displacement 
efficiency obtained in the region contacted by the water. 


CONCLUSIONS 


The studies of the influence of a gas saturation on 
the displacement of oil by water reported by several 
investigations and the analysis related to the production 
of water-driven reservoirs below their bubble point 
pressure presented here lead to the following con- 
clusions: 

1. The optimum pressure for the displacement of oil 
by water in some water-driven reservoir is not at or 
above the bubble point pressure as has perhaps often 
been assumed in establishing the maximum efficient 
rate of production from a field but may be several 
hundred pounds per square inch below this point. 


2. The increase in the oil displacement efficiency ot 
7 to 12 per cent which may sometimes be obtained by 
the displacement of oil at the optimum pressure rather 
than at the bubble point as illustrated here, while 
not large, is sufficient to warrant consideration in plan- 
ning reservoir operations. 


3. The results to be expected by production of a 
water-driven reservoir below the bubble point must 
be analyzed for each given reservoir. Consideration 
must be given to the effect of any gas segregation, 
mobility changes, reservoir inhomogeneities, etc., on 
the oil recovery in determining whether or not pro- 
duction below the bubble point is desirable for the 
specific reservoir. 
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THE PHASE and VOLUMETRIC BEHAVIOR of NATURAL GASES 
at LOW TEMPERATURES and HIGH PRESSURES 
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F. KURATA 


ABSTRACT 


The phase and volumetric properties of 10 very 
volatile mixtures are presented for temperatures from 
-~200°F to above the critical points. These mixtures 
consisted of natural gases and of mixtures of natural 
gases with methane and nitrogen. Existing correlations 
of compressibility factors have been extended to apply 
to these mixtures. Existing correlations of critical 
pressures and temperatures do not apply to these 
mixtures. Methods have been developed for estimating 
critical temperatures of these mixtures to + 4°F and 
critical pressures to + 5 per cent. These methods apply 
to other volatile and very volatile mixtures. 

The results of this work are particularly applicable 
to the separation of nitrogen from hydrocarbons by 
low-temperature distillation. 


INTRODUCTION 


Knowledge of the low-temperature phase and vol- 
umetric properties of natural gases and of other mixtures 
of the light hydrocarbons is becoming increasingly 
important as interest in low-temperature separation 
processes increases. Low-temperature distillation has 
been used to separate ethane and ethylene from natural 
gas and from refinery gases for petrochemical uses. 
Removal of nitrogen from natural gas by low-tem- 
perature distillation has been proposed **” as a means 
of increasing the capacity of existing gas transmission 
lines and of improving the marketability of the gas. 

Further application of low-temperature separation 
processes has been retarded by lack of data on the 
phase and volumetric behavior of mixtures at low- 
temperatures and at high pressures. This paper pre- 
sents the results of determination of the phase and 
volumetric properties of 10 very volatile mixtures at 
temperatures from — 200°F to above the critical point. 
These mixtures consisted of natural gases with methane 
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and nitrogen. Generalized methods are presented for 
estimating the critical temperatures, critical pressures, 
and the densities of such mixtures. 


EXPERIMENTAL APPARATUS 
AND PROCEDURES 


The apparatus and the experimental procedures have 
been described in an earlier paper®. The method consists 
of displacing the mixture from a reservoir which is 
maintained at constant temperature and pressure into 
an agitated glass equilibrium cell which is maintained 
at constant temperature. The liquid level within the 
glass equilibrium cell was visually observed, and the 
pressure was measured to within +3 psi with a 
calibrated Bourdon gage. 


COMPOSITIONS OF MIXTURES STUDIED 


The compositions of the mixtures studied are sum- 
marized in Table 1. The measured properties included 
in Table 1 will be discussed later in this paper. The 
sources of these gases are described below: 

Gas “A-1” was obtained from the Phillips Petroleum 
Co. Its composition was reported in connection with 
earlier work.” The properties of this gas were reported 
in an earlier paper.” 

Gases “A-2, A-3, A-4” were prepared by mixing 
nitrogen with gas “A-1.” 

Gas “AB-1” was prepared by mixing methane with 
gas “A-1.” The properties of this gas were reported 
in an earlier paper.” 

Gases “AB-2” and “AB-3” were prepared by mix- 
ing nitrogen with gas “AB-1.” 

Gas “B” was obtained by W. W. Bodle of J. F. 
Pritchard & Co. from the primary separator of a well 
in western Kansas. 

Gas “C” was obtained from a Cities Service Co. pipe- 
line at Lawrence, Kans. 

Gas “D” was prepared by mixing gas “AB” with 
gas “CO.” 
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PROPERTIES OF GASES STUDIED 
Gas Al A2 A3 A4 AB-2 AB-3 


TABLE 1 


Carbon Dioxide, Mole % 1.20 1.09 1.00 0.91 0.44 0.30 0.20 0.13 0.20 0.25 
Helium 1.00 0.60 0.31 
Nitrogen 8.84 16.11 24.41 11.30 24.00 11.46 13.50 7.05 
Methane 90.89 82.86 76.25 68.70 96.68 85.80 73.64 76.65 75.15 85.32 
Ethane 4.40 4.01 3.69 3.33 1.60 1.50 1.20 5.51 6.10 4.11 
Propane 1.91 1.74 1.60 1.44 0.70 0.60 0.53 3.35 3.27 1.98 
'- Butane 0.33 0.30 0.28 0.30 0.14 0.12 0.10 0.35 0.38 0.37 
n-Butane 0.60 0.55 0.51 0.40 0.20 0.18 0.15 0.90 0.60 0.39 
i-Pentane 0.21 0.19 0.18 0.16 0.07 0.06 0.05 0.17 ) 
n-Pentane 0.13 0.12 0.11 0.10 0.05 0.04 0.04 0.15 0.20 0.22 
Hexanes 0.15 0.14 0.12 0.11 0.05 0.04 0.04 0.33 
Heptanes + 0.18 0.16 0.15 0.14 0.07 0.06 0.05 ; 
Critical Pressure psia 925 955 968 973 765 790 815 1,143 1,107 918 
Critical Temp., °R 381 368 356 340 59 343 329 6 370 
Critical Density, gm mi 0.230 0.242 0.279 0.311 0.183 0.220 0.225 0.266 0.270 0.270 
Mol. Av. Crit. Press. 676 659 646 631 67 653 
Mol. Av. Crit. Temp. 369 356 346 334 353 339 322 358 354 
Wt. Av. Crit. Temp. 409 386 368 349 370 344 20 397 380 379 
Mol Av. Mol. Wt. 18.40 19.25 19.94 20.75 16.90 18.11 19.56 20.02 19.98 18.60 
Wr. Av. Equiv. Mol 

wr. (W 22.26 21.47 20.80 20.22 18.54 18.00 17.62 22.85 21.25 20.19 
Mol. Av. B. P. (B) oR 218 211 205 199 207 199 191 213 210 209 


VOLUMETRIC BEHAVIOR 


The volumetric data of this study were determined 
by metering gas into the test cell from a reservoir at 
temperatures from 100 to 110° F and at pressures from 
750 to 1,300 psi gage. The densities of the gases in the 
reservoir were calculated from the correlation of Stand- 
ing and Katz.” This correlation has been shown’ to be 
accurate to approximately | per cent for dry gases con- 
taining up to 7.5 per cent nitrogen, within the pressure 
and temperature ranges mentioned above. The correla- 
tion has not been tested for high concentrations of nitro- 
gen, but the success in calculating the compositions 
of mixtures of gases “A” and “AB” with nitrogen indi- 
cates that it is probably correct within 2 per cent. 

The density of liquid propane at 32°F was determined 
by this experimental method. The result was 0.529 
gm/ml compared with a published* value of 0.5304 
gm/ml. Other data indicate the reasonableness of the 
results of this investigation. For example, the com- 
pressibility factors of gas “AB” agreed with those of 
pure methane’ to less than | per cent at a reduced 
temperature of 1.10 and at reduced pressures up to 
0.6. It is believed that the compressibility factors are 
correct within 2 per cent as far as the experimental 
determinations are concerned; uncertainty in the cor- 
relation of Standing and Katy increases the over-all 
uncertainty to approximately 4 per cent. 

The volumetric data were calculated as compressibil- 
ity factors (PV/RT). Large errors in compressibility 
factors at very low densities were avoided by extrap- 
olating the factors obtained at higher densities to unit 
compressibility factors at zero pressure. The com- 
pressibility charts thus prepared were cross plotted to 
obtain compressibility factors at even values of reduced 
temperature. These compressibility factors are sum- 
marized in Table 2. 


uuon less than 2 per cent at reduced pressures greater 
than 0.40 and compressibility factors greater than 0.8. 
It can be used with a standard deviation less than 5 per 
cent at reduced pressures greater than 0.4 and com- 
pressibility factors greater than 0.6. Errors are large 
where large amounts of liquid are present if the density 
of this liquid is much greater than the density of the 
vapor. 

Although the average compressibility factors can be 
used with small error, subject to the limitations men- 
tioned above, it is recommended that compressibility 
factors from Table 2 be used. The compressibility fac- 
tors used should be those of the gas which most closely 
resembles the gas in question. These compressibility 
charts can then be combined with the zero-pressure 
specific heat data for the individual components to 
obtain thermodynamic functions such as enthalpy and 
entropy for natural gases and for other mixtures ot 
nitrogen and the light hydrocarbons. 


PHASE EQUILIBRIA 
Previous Work 


Limited low-temperature equilibrium data are avail- 
able for hydrocarbons and for mixtures of hydrocarbons 
with nitrogen and helium.'°*""""""'"* Most of these 
data are for binary systems, and the data of Stutz- 
man and Brown” are the only data on a _ natura! 
gas. Since the completion of this study, Bloomer and 
Parent’ and Cines, et. al.’ have published complete 
phase equilibrium data on the methane-nitrogen system. 

There are extensive published critical data for sys- 
tems containing hydrocarbons. However, the only pub- 
lished critical point data on systems having critical 
temperatures below the ice point are the methane- 
ethane data of Ruhemann”, the nitrogen-methane data 


The volumes used in calculating the compressibility edrves| ore ot fore) | 
factors are the volumes of the entire mixtures. In many Ss oe See es Se : 
cases both liquid and vapor are present. Standing and tay 

Katz" showed that compressibility factors of mixtures 

may be correlated with reduced temperatures and 3 +e ee 

pressures even when two phases are present. The com- 0604 - + — 

pressibility factors shown in Table 2 were averaged 4 i 

at each reduced pressure and temperature to obtain Sess LANL KI 

the average compressibility factors chart which is shown i \ \ AL} 1 
in Fig. 1. Values from the correlation of Standing and | (eas | 
Katz are included in Fig. | for comparison. Fairly as NX] | 
good agreement is indicated by this comparison. The | | | 2 
standard deviations of the compressibility factors are 08 


shown in Table 2 which shows that the mean com- 
pressibility chart can be used with a standard devia- 
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as 


of Bloomer and Parent,’ and Cines, et. al.,° and the 
data of Eilerts et. al.” on a gas-condensate system. These 


data alone are not sufficient for estimation of the 
critical points of the very volatile systems of engineer- 
ing interest. While publication of complete data on 
the nitrogen-methane system has eased this problem, 
additional data on more complex systems are required. 


Experimental Phase Diagrams 


As described earlier in this paper the experimental 
phase data were obtained as volume per cent liquid 
versus pressure at various constant temperatures. The 
isotherms for gas “A-4” are shown in Fig. 2. This 
chart was cross-plotted to obtain a plot of pressure 
versus temperature at constant volume per cent liquid. 
These plots are shown in Fig. 3 for mixtures “A-4” 
and “C”. The bubble-points of all mixtures studied 
are tabulated in Table 3. The critical point of each 
mixture was determined as the point at which all con- 
stant per cent liquid lines converged. This point could 
be determined to within about + 1°F. 

The phase diagrams of these mixtures are typical of 
hydrocarbon mixtures having a preponderance of the 
most volatile component. There is a large region 
above the critical point in which two phases can exist. 


All of the mixtures studied have a large region of 
“retrograde condensation” in which condensation can 
occur with increase in temperature or with decrease in 
pressure. The addition of nitrogen increased the critical 
pressures of the mixtures. 

The vapor-liquid equilibria of hydrocarbon mixtures 
are commonly expressed in terms of the equilibrium 
vaporization ratios (K’s) of the individual components. 
These K’s may be obtained from the bubble-point 
dew-point data of binary mixtures, but they cannot in 
general be obtained in this way for multi-component 
mixtures. Thus the data obtained in this investigation 
cannot be directly used to obtain K’s, however, any 
proposed set of K’s can be checked against the bubble- 
point data. In order that this may be done with greater 
accuracy, the bubble-points of those mixtures are tab- 
ulated in Table 3. The use of the dew-point curves 
for this purpose is not recommended since these curves 
are much less accurate. The relative accuracy of the 
bubble-point and dew-point curves is indicated in 
Fig. 2. 

It has been shown in an earlier paper’ that the 
bubble-points of the gases which contain no nitrogen 
(“A-1 and AB-1”) may be estimated accurately from 
the M. W. Kellogg Equilibrium constants," even at 
temperatures approaching the critical temperature. This 


TABLE 2 — COMPRESSIBILITY FACTORS OF GASES STUDIED 


Gas A-l A-2 A-3 A-4 AB-1 AB-2 
Pr’ w= te 
0.20 0.936 0.939 0.940 0.937 0.944 
0.40 0.877 0.880 0.878 0.876 0.902 
0.60 0.8 0.811 0.807 0.807 0.832 
0.80 0.742 0.748 0.740 0.741 0.745 
1.00 0.679 0.687 0.667 0.677 0.650 
1.20 0.602 0.617 0.596 0.607 0.540 
1.40 0.510 0.543 0.524 0.546 
1.60 0.398 0.468 0.464 0.483 
1.80 0.403 0.421 
Tr’ 1.00 
0.20 0.911 0.920 0.912 0.905 0.940 U.744 
0.40 0.829 0.837 0.825 0.810 0.880 0.845 
0.66 0.741 0.742 0.733 0.713 0.782 0.750 
0.80 0.627 0.622 0.622 0.616 0.639 0.618 
1.00 0.480 0.460 0.490 0.508 0.396 0.427 
1.20 0.290 0.322 0.347 0.396 0.286 
1.40 0.240 0.247 0.290 
1.60 
1.80 
Te’ 0.95 
0.20 0.895 0.910 0.896 0.894 0.912 ar) 
0.40 0.790 0.800 0.780 0.810 0.805 0.809 
0.60 0.663 0.660 0.649 0.712 0.660 0.644 
C.80 0.462 0.460 0.620 0.615 0.320 0.395 
1.00 0.250 0.4 0.507 0.150 
1.20 0.170 0.348 0.396 
1.40 0.205 0.248 0.290 
1.60 
1.80 
Tr’ 0.90 
0.20 0.871 0.880 0.877 0.855 0.870 U.o9¥ 
0.40 0.721 0.720 0.694 0.699 0.688 0.715 
0.60 0.490 0.479 0.470 0.511 0.200 0.389 
0.80 0.190 0.245 0.311 
1.00 0.134 0.160 0.168 
1.20 
1.40 
1.60 
Tr’ 0.85 
0.20 0.846 0.802 0.786 0.780 U.828 
0.40 0.590 0.580 0.501 0.551 0.537 
0.60 0.182 0.230 0.320 
0.80 0.110 0.127 
1.00 0.150 
1.20 
1.40 
1.69 
Tr’ = 0.80 
0.20 0.802 0.701 0.632 0.675 
0.40 0.216 0.238 0.325 
0.60 0.069 0.087 0.103 
0.80 0.091 
1.00 0.128 
1.20 
1.40 
Ve’ = O75 
9.20 0.650 0.431 0.400 
0.40 0.050 0.067 
0.60 0.081 0.057 
0.80 0.091 
1.00 0.148 
1.20 
1.46 
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AB-3 c D AV 
0.945 0.930 0.937 0.939 0.005 
0.896 0.870 0.880 0.882 0.011 
0.839 0.804 0.806 0.814 0.013 
0.774 0.744 0.736 0.746 0.012 
0.687 0.690 0.673 0.676 0.013 
0.598 0.630 0.610 0.600 0.027 
0.530 0.572 0.555 0.540 0.021 
0.504 0.494 0.468 0.040 
0.450 0.434 0.427 0.020 
0.911 0.910 0.910 0.917 0.916 0.010 
0.829 0.828 0.820 0.830 0.833 0.019 
0.736 0.740 0.720 0.735 0.738 0.019 
0.610 0.646 0.617 0.621 0.624 0.011 
0.436 0.550 0.509 0.485 0.474 0.046 
0.280 0.452 0.411 0.340 0.347 0.061 
0.370 0.337 0.250 0.289 0.054 
0.302 0.302 
0.262 0.222 
0.890 0.894 0.888 0.903 0.900 0.010 
0.774 0.790 0.772 0.781 0.791 0.014 
0.636 0.680 0.638 0.643 0.658 0.025 
0.418 0.554 0.486 0.444 0.477 0.030 
0.212 0.513 0.340 0.280 0.343 0.142 
0.303 0.270 0.201 0.281 0.086 
0.254 0.240 0.201 0.240 0.033 
0.260 0.230 0.245 
0.294 0.294 
0.860 0.855 0.850 0.873 0.869 0.015 
0.690 0.702 0.688 0.706 0.702 0.013 
0.421 0.538 0.505 0.490 0.449 0.098 
0.390 0.329 0.248 0.286 0.071 
0.284 0.211 0.162 0.187 0.055 
0.235 0.180 0.185 0.200 
0.188 0.221 0.205 
0.204 0.204 
0.821 0.810 0.800 0.820 0.810 0.021 
0.502 0.601 0.538 0.501 0.544 0.039 
0.156 0.360 0.302 0.210 0.251 0.076 
0.176 0.202 0.160 0.155 0.037 
0.139 0.173 0.170 0.158 0.016 
0.741 0.729 0.710 0.713 0.053 
0.169 0.351 0.206 0.251 0.072 
0.152 0.099 0.102 0.031 
0.130 0.120 0.114 
0.151 0.139 
0.188 0.188 
0.220 0.220 
0.605 0.448 0.507 0.113 
0.189 0.102 0.102 0.062 
0.108 0.082 0.082 0.021 
0.130 0.109 0.110 
0.140 0.140 
0.179 0.179 
0.210 0.210 
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is essentially a check of the K’s for methane since there 
is Only a small amount of less volatile components. It 
has not been possible to satisfactorily calculate the 
bubble-points of the gases containing nitrogen. Brown 
and Stutzmann* have presented a set of average K’s 
for nitrogen but it is necessary to apply a large correc- 
tion factor for application to systems containing hydro- 
carbons, and this correction factor has not yet been 
correlated. 

The phase diagrams of gases “C and D” show a 
marked effect of small amounts of helium upon the 
bubble point. Gas “C” at —200°F required a pressure 
increase of 50 psi to compress the last 2, per cent of 
the vapor, even though the mixture contained only 0.6 
per cent helium. This effect is marked only at low tem- 
peratures, presumably due to the fact that the K for 
helium goes through a maximum as temperature is 
decreased.” Kay” has reported a similar phase diagram 
for the system hydrogen-naphtha. 


CORRELATION OF CRITICAL TEMPERATURES 


A number of different correlations have been pro- 
posed*"****" for estimating the critical temperatures of 
hydrocarbon mixtures. The critical temperature of a 
mixture of N components is in general a function 
of N—1 composition variables, but it has been found 
possible to correlate the critical temperatures of hydro- 
carbon mixtures with only a few variables. The critical 


TABLE 3— BUBBLE-POINT PRESSURES OF GASES STUDIED 
A2 A-4 AB-1 ‘AB-2 


temperatures of many mixtures are nearly equal to the 
weight average critical temperatures, ,,7"., of these 
mixtures. Kurata and Katz” succeeded in correlating 
the critical temperatures of hydrocarbon mixtures 
studied up to 1942 using the molal average critical 
temperature, 7’., and the average molecular weight, 
with a special treatment for gases containing methane. 
Organick” correlated both critical temperatures and 
critical pressures as a single function of the molal aver- 
age boiling point, B, and the weight average molecular 
weight, W. 

The method which was found most satisfactory for 
volatile mixtures and for the very volatile mixtures of 
this study consisted of applying a set of corrections to 
wl”., the weight average critical temperature. Existing 
data for binary mixtures shows that ,,7”. approximates 
the true critical temperature, T.. The deviation is greatest 
at nearly-equal weight fractions of the two components 
and can be approximated by 


where m, and m, are the weight fractions of components 
1 and 2, respectively. The constant A,. is characteristic 
of the particular binary mixture. Equation (1) was ex- 
tended to complex mixtures by the equation 

T. — ml’. = Ay. mM, Mm, + 4+ 

+ A,,m,m, + A,,m,m, + 


where a term is included for each possible binary 
system. 

The constants for Equation (2) were derived from 
existing data where these data were available. Since 
complete binary data were not available, it was neces- 
sary to obtain more constants by interpolation and 
extrapolation from the available binary data. Other 
constants were obtained by trial-and-error methods from 
data on complex mixtures. The values thus obtained are 
shown in Table 4. The use of Equation (2) is demon- 
strated by Example 1. 

The critical temperatures estimated by use of Equa- 
tion (2) are compared in Table 5 with the experimental! 
values and with the values calculated by;the method of 
Kurata and Katz. The method of Kurata and Katz 
predicts critical temperatures which are much too 
high for mixtures whick contain large amounts of 
methane, and it breaks down completely for mixtures 
containing nitrogen. Equation (2) predicts critical tem- 
peratures for the mixtures studied with an error of 
approximately 4° R or 1 per cent. Its use is recom- 
mended for mixtures containing no significant amounts 
of components less volatile than the heptanes. The 
method of Kurata and Katz” is recommended for these 
less-volatile mixtures. 

A number of the constants of Equation (2) were 
obtained from data on complex mixtures and are sub- 
ject to considerable error. As new data on_ binary 
mixtures become available, new constants should be 
calculated to replace these values. 


GAS A A-3 AB-3 B c D 
Critical Temperature, °F -—79 — 92 — 104 — 120 — 101 —117 — 131 — 84 — 90 — 96 
Critical Pressure, psia 925 955 968 973 765 790 815 1,143 1,107 918 
— 900° F.......... 114 200 255 337 115 220 318 520 320 
— 180 178 284 369 471 183 321 434 5 371 
— 160 270 407 507 622 286 447 580 622 623 463 
— 140 396 555 780 425 608 764 766 7. 594 
— 120 547 720 34 595 765 852* 912 891 745 
— 100 731 882 996" 1,052* 772° 861* 1,041 1,040 893 
- 912 1,044* 1,172* 907° 1,164* 1,180* 1,011" 
— 60. 1,072* 1,195* 1,248* 1,280* 

40 1,204 
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TABLE 4— CONSTANTS FOR EQUATION (2 
Ne Ci Cc: c Cs Cs 


37+-95(N2) 


- 
— 100 
— 100 


1 — Estimation of Critical Temo. of Gas Using Equa- 
tion (2) 


mM 


x 
= 


TOR 


3 


Carbon Dioxide 

Nitrogen 

Methane 

Ethane ... 

Propane 

Butanes 

Pentanes 

Hexanes . 86.17 
Heptanes 114.22* 


N 


M 


*Properties of normal octane are used for this aas. For larger amounts 
of heavy ends. it would be important to experimentally determine the 
average molecular weight and to use corresponding properties. 


3 


A ( From mA 
Table 4 


2299900 


o 
= 


~ 


° 


004 


23288 


nN 


3288 


0 
0 
0: 
0. 


~ 


coco 
ges 
—N 


= 
= 


0.036 
Further effects may be neglected for this mixture. 
Estimated T. = 370 + 4.5 - 16.1 - 0.2 — 0.05 = 358°R 
Experimental 356°R 
+ 2°R 


TABLE -5— COMPARISON OF ESTIMATED AND EXPERIMENTAL 
CRITICAL TEMPERATURES 
Error, °F 
Mixture Expt. Equation 2 Error, °F** 
Very Volatile Mixtures 
34 
72 


141 
+ 25 


PPP 
on— 


| 


Standard Deviation 


Error, °R 
Expt. T_,°R Equation 2 


Volatile Mixtures 


om 


ri 
++ 


HO 
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= 


Standard Deviation 


CORRELATION OF CRITICAL PRESSURES 


Estimating critical pressures is more difficult than 
estimating critical temperatures. The critical tempera- 
tures of mixtures are roughly approximated by the 
weighted average of the critical temperatures of the 
components, but critical pressures are often many times 
the average critical pressures. Several methods of esti- 
mating critical pressures have been proposed.”****” 
None of these methods has been tested for mixtures 
containing very large amounts of methane or for mix- 
tures containing significant amounts of nitrogen. 

The critical pressures of the mixtures studied during 
this investigation were correlated by a modification of 
the method of Kurata and Katz.” The original correla- 
tion was a plot of T. P’./P. versus T’. with M as a 
parameter. The correlation was extrapolated into the 
low temperature region, since there were at that time 
no data on the critical behavior of very volatile com- 
plex mixtures. This correlation was modified in the low 
temperature region (below 7’. = 400°R) in order 
to fit the data of this study. An arbitrary correlating 
Helium seems to increase the critical pressures above that predicted by 


Fig. 4 by about 100 psi for each 1 per cent helium content. 
Example 2 — Estimation of Critical Pressure of Gas ‘‘A-3”’ 


x 
010 


Carbon Dioxide 0. 
Nitrogen 0. 
Methane 

Ethane 

Propane 

Butanes 

Petanes 

Hexanes 

Heptanes 


Na 


From Example 1 M 20.00 
Fig. 4 by about 100 psi for each | per cent helium content 


Using estimated T of Example 1 


TP’ 358 x 646 


233 


Estimated 992 psia 
Experimental 968 psia 
error + 24 psi 

356 x 646 


Using experimental estimated 233 


988 
error + 20 psi 


TABLE 6— COMPARISON OF ESTIMATED AND EXPERIMENTAL 
CRITICAL PRESSURES 
Exptl. P Error Fig. 4 Error’* 
psia psi psi 


Q 


Very Volatile Mixtures 


one 


Error’* 
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Standard Deviation 


OCTOBER, 1954 * JOURNAL OF PETROLEUM TECHNOLOGY 


A 


No 
Ci 
C2 +25 — 400(C;)* 0 
Cs 0 — 30 0 
-27 +1 0 
-19 -% 0 
Cs 600 400 —150 0 oO 
x = | 
2 548 12.0 
6 
1 1 343.4 209.7 
6 550 30.6 
6 666 240 
8 766 17.6 
1 847 93 
4914 3.7 
81,025 11.3 
1000 1.000 = 370°R 
| 
Ci 
N: Cs 
Cs 
T L 
0.226 x + A.5°R 548 5 
161 227 36 
740 162 343.4 261 
€. — 180 037 550 20 
G — 150 665 10 q 
Ce 400 766 5 
¢: ~ 400 p01 914 6 
0.611 x —16.1°R 02 1,025 2 | 
‘ 0 = 347 — 646 | 
2 ‘ 
Cs 
Cc: 
— 
Cs Cs 
955 L 15 
3 
+ 3,453 
365 _ 790 + 21 
364 - 815 - 7 
1,143 — 80 + 1,057 
1,107 — 100 
918 8 
Standard Deviation 64.2 
Mixture Error, ©R'* 
Exptl. P Error, Fig. 4 
Gas psio psi psi 
2,387 227 4227 
2.574 + 56 56 
2,537 3 3 
2.615 65 65 
2,605 + 35 35 : 
2.675 65 
2.730 + 60 60 
2,900 + 10 10 
1,826 L 14 14 
1,797 9 
1,706 4 
1,994 
1,987 = 
6 75 75 
42 


variable, M*, was substituted for the molecular weight, 
in order to adapt the correlation for gases containing 
nitrogen. The ratio M*/M was plotted versus mole 
per cent nitrogen. When no nitrogen is present, M*. 
is equal to M. Fig. 4 shows the modified correlation. 
This correlation is identical with the original correla- 
tion of Kurata and Katz for gases which contain no 
nitrogen and for which 7”. is greater than 400° R. 

The critical pressures estimated from Fig. 4 are com- 
pared in Table 6 with the experimental values and with 
the values estimated from the original correlation of 
Kurata and Katz. Table 6 shows that the original cor- 
relation gives fair agreement with the data for gases 
containing very large amounts of methane but is unsat- 
isfactory for gases containing nitrogen. Fig. 4 agrees 
with the critical pressures of the gases studied to within 
about 5 per cent. If the helium-bearing gases are 
not included the agreement is within about 2 per cent. 


NOMENCLATURE 


x, = Mole fraction of component | 

m, = Weight fraction of component | 

T. = True critical temperature, °R 

,T. = Critical temperature of component 1, °R 

P. = True critical pressure, psia 

V4 = Molecular weight of a pure component, molal 
average molecular weight of a mixture 


1’. = Molal average critical temperature, °R 
T’. = Weight average critical temperature, °R 
, Molal average critical pressure, psia 


M* = A correlating variable used in Fig. 4 
A,.= A correlating variable, defined by Equation 
(2) 


B = Molal average normal boiling point, °R 
W = Weight average molecular weight 
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THE MECHANICS of FRACTURE INDUCTION and EXTENSION 
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SUMMARY 


Theoretical calculations, laboratory experiments and 
correlation of field data have been carried out to develop 
conclusions concerning the mechanics of formation 
fracture induction and extension in order to develop 
a conceptual basis for further development of opera- 
tions such as squeeze cementing, sand-oil fracturing, 
and combatting lost circulation. 


FRACTURE INDUCTION 


Borehole fracturing has been analyzed mathematically 
by application of the principles defining the elastic 
and inelastic behavior of thick wall cylinders of homo- 
geneous, isotropic, and impermeable material. This 
basic argument is re-presented in this paper along 
with new considerations which strengthen it. The new 
considerations deal with objections which have been 
raised concerning the use of this analysis to draw 
conclusions that would apply to the actual case of 
fracturing in oil wells. 


Laboratory data involving small diameter holes have 
been presented which suggest that the thick wall cylinder 
analysis will not predict the fracturing pressure of 
boreholes in porous rock. The investigation herein sum- 
marized discovered that in very small diameter bore- 
holes this is true, but that in larger boreholes (probably 
greater than 2 in. in diameter )the breakdown pressure 
can be predicted by this analysis. This behavior is 
explained on the basis of the statistical distribution of 
rock flaws. 


Another objection which has been raised concerning 
the use of the thick wall cylinder analysis argues 
that the rocks in the earth do not possess the ideal 
properties assumed in the analysis. It is recognized 
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that reservoir rocks are neither homogeneous, isotropic, 
nor impermeable and that a completely rigorous analy- 
sis of fracture mechanics in the earth should be based 
on analytical expressions which would take into account 
these factors completely. However, it is argued that 
insofar as the homogeneity is concerned, the rock of 
a given formation usually possesses about the same 
degree of inhomogeneity as many materials of con- 
struction which lend themselves to stress analysis. 
Further, the simplified analysis for the case of thick 
wall cylinders of homogeneous, impermeable material 
has been extended qualitatively to the practical case by 
examining mathematically in a special case the effect of 
permeability and porosity upon the conclusions. It is 
believed that by this device the analysis has produced 
realistic conclusions which apply in a general manner 
to the actual case in the field. 

The analysis presented in this paper argues that 
the effective vertical compressive stress is essentially 
equal to the weight of the overburden and, therefore, 
that the minimum pressure required to create horizontal 
fractures would be equal to approximately 1 psi of 
depth. Since most field data indicate much lower 
breakdown pressures, it is argued that horizontal frac- 
tures are not occurring generally and that fracturing 
is occurring vertically at lower pressures as the develop- 
ment in this paper predicts. 


FRACTURE EXTENSION 


Concerning the mechanics of fracture extension, 
studies were conducted to calculate the fluid pressure 
required to extend a newly created fracture and to 
develop relationships to predict the dimensions and vol- 
ume of the fracture system. The latter objective was 
not completed in this work but useful results were 
obtained. The work carried out was partly mathematical 
and partly experimental. The experimental portion in- 
volved a study of the stress distribution around the 
end of a fracture by use of photoelastic models. 
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CONCLUSIONS 


1. The competent formations of the earth’s crust, 
even when arched, lack sufficient strength to alleviate 
the load from underlying formations, and the over 
burden load may be taken as approximately equal to 
1 psi/ft of depth. 


2. Hard, well-consolidated rocks can be considered 
as existing in the elastic state of stress to the depths 
penetrated in present oil well operations. As a result, 
as indicated by theory and data from the field, such 
formations usually possess horizontal stresses in the 
neighborhood of 0.33 psi/ft of depth. (Occasional 
exceptions would be expected when horizontal stresses 
are significantly influenced by tectonic forces.) 


3. The soft shales and weakly cemented sands most 
frequently found in the Texas and Louisiana Gulf Coast 
area can be considered to exist in the plastic state 
of stress and to possess horizontal stresses in the 
neighborhood of 0.4 psi/ft of depth. 


4. Pressure induced wellbore fractures may be hori- 
zontal when the bottom hole fracturing pressure has 
exceeded the overburden load of about 1 psi/ft 
of depth. However, this seldom occurs below about 
3,000 ft, except possibly in the infrequent case of ab- 
normally high horizontal stresses. 


5. Vertical or nearly vertical fractures are obtained 
at bottom hole pressures below the overburden load 
and frequently below 0.7 psi/ft of depth. 


6. Fluid loss to the matrix during the injection 
of a fracturing fluid does not significantly alter the 
pressure required to fracture a wellbore vertically. 
(The tendency is to reduce the required pressure.) 


7. Hydraulically induced wellbore fractures are com- 
paratively wide. During the latter part of a large 
volume treatment widths near | in. may be expected, 
particularly in deeper wells. 


8. The bottom hole injection pressure at which a 
fracture extends indicates its orientation. (This observa- 
tion would be obscured in the case of very high vis- 
cosity fluids flowing in a fracture, e.g., partially 


dehydrated cement slurry in a squeeze cementing opera: 
tion.) In general, a vertical or near vertical fracture 
will be extended at a pressure which is less than two- 
thirds the calculated overburden stress. If the extension 
pressure is equal to or greater than the overburden 
stress, a horizontal fracture is indicated. 


9. The relationships involving fracture extent, width 
and volume, although not quantitatively precise, give 
some insight as to the magnitude of fracture dimensions 
and offer an approximate basis for the design of well 
stimulation treatments. 


The practical implications of these conclusions de- 
serve some comment. Conclusions 2 and 3 suggest 
that in the cases in which a consolidated sand is 
bounded by non-brittle shales, the vertical extent of 
vertical fractures would be limited by the shale because 
of the greater horizontal stresses in the shale. These 
conclusions also might explain the difference in the 
nature of lost circulation problems between the Gulf 
Coast and West Texas. Relatively high mud weights 
are probably tolerable in Gulf Coast operations because 
of high compressive formation stresses resisting fracture, 
whereas in West Texas relatively low horizontal com- 
pressive stresses and already existing fracture: offer 
relatively little resistance to fracture induction and 
extension. Shale flow into the hole in the Gulf Coast 
area might be explained by the relatively high hori- 
zontal stresses existing in it being greater than the 
mud hydrostatic pressure. Conclusion 5 argues that 
squeeze cementing cannot be counted upon to result 
in horizontal pancakes. It probably also explains fre- 
quent cases of well stimulation treatments fracturing 
to water. Fracture volume estimations from relationships 
presented along with leakoff considerations are con- 
sistent with observations of volumes pumped into 
formations and may explain large lost circulation losses 
without postulating subterranean caverns. wok 


The full text of this paper will appear in Petroleum 
Transactions Volume 201 and is available in reprint 
form free-of-charge from the Petroleum Branch offices. 
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ABSTRACT 


The viscosity of hydrocarbon mixtures, whether in 
the gas or liquid phase, is a function of pressure, tem- 
perature, and phase composition. This paper presents 
methods for the prediction of the viscosity of the gas 
or less dense fluid phase over the practical range of 
pressure, temperature, and phase compositions encoun- 
tered in surface and subsurface petroleum production 
operations. The correlation necessary to predict the 
effect of pressure on viscosities is presented in Part 1. 
Serious discrepancies in high pressure gas viscosity data 
in the literature are discussed. 

The application of the correlation to predict absolute 
viscosities is discussed in Part I]. Auxiliary correlations 
are presented to enable calculations of viscosities from 
a knowledge of the pressure, temperature, and gravity 
of the gas phase. 


INTRODUCTION 


A knowledge of the viscosity of hydrocarbon fluids 
is needed to study the dynamical or flow behavior of 
these mixtures through pipes, porous media, or more 
generally wherever transport of momentum occurs in 
fluid motion. Since flow is predominantly in the laminar 
region in petroleum reservoirs, the influence of fluid 
viscosity on this flow is especially important. 


As early as 1894, Onnes' and Onnes and de Haas’ 
noted that the viscosities of homologs under correspond- 
ing states could be correlated. The theorem of cor- 
responding states has been further developed and applied 
to the viscosity of pure, nonpolar gases under pressure 
by Comings, Mayland, and Egly.* It was demonstrated 
that the viscosity ratio could be expressed rather closely 


Manuscript received in Petroleum Branch Offices Oct. 18, 1953. 
Paper presented at Petroleum Branch Fall Meeting in Dallas, 
Oct. 18-21, 1953. 
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as a function of reduced pressures and temperatures, 


temperature, absolute units 
where: I, = - 
critical temperature, absolute units 
pressure, absolute units 
= 


critical pressure, absolute units 
“ = viscosity of gas at reduced temper- 
ature 7, and reduced pressure P, 


viscosity of gas at atmospheric 
pressure and at temperature 7), 


hy 


Serious discrepancies in the viscosity of pure hydro- 
carbon gases at high pressures have been called to 
our attention by Comings, Mayland, and Egly. They 
made a carefu! analysis of the following methods com- 
monly used to measure gas viscosities: 


1. Oscillating disc viscometer** 
2. Rolling ball viscometer’ 
3. Capillary tube viscometer™ 


On the basis of their analysis of the problem and 
their experimental data on the viscosities of methane, 
ethylene, carbon dioxide, and propane, they preferen- 
tially selected data obtained by the capillary tube 
viscometer to develop their viscosity correlation. Since 
then a need has existed to verify the experimental 
technique of Comings, Mayland, and Egly for the 
determination of viscosities at high pressure; to extend 
the data to mixtures of hydrocarbons; and to extend 
the range of their correlation to include higher pressures. 


Using the correlation procedure of Comings, May- 
land, and Egly, the prediction of gas viscosities is 
resolved into the correlation of the effect of pressure, 
temperature, and composition on the viscosity of hydro- 
carbons and their mixtures and the prediction of vis- 
cosities of mixtures of hydrocarbons and other natural 
gas components at one atmosphere pressure. 
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METHODS OF DETERMINING GAS VISCOSITY 


The coefficient of viscosity, 4, may be defined as the 
ratio of the unit shear stress acting at a point in a 
fluid which is necessary to maintain a unit velocity 
gradient perpendicular to the plane of shear. Viscosity, 
the shear modulus for the fluid, is somewhat analogous 
to the resistance to shear in solids. Only in the laminar 
region can the viscosity be defined simply as: 


a= w/du/dy 
where: w = shear stress per unit area 


du/dy = velocity gradient perpendicular to 
the plane of shear 


Ihe relationship between pressure drop and flow of 
fluids through a smooth-walled, cylindrical, straight 
tube may be expressed simply by means of the well 
known Poiseuille’s law,’ provided laminar flow prevails 
in the tube and end effects can be made negligible. 
Reynolds number,” the criterion of dyname similarity, 
may be used to define the region of laminar and 
turbulent flow in smooth-walled cylindrical, straight 
tubes. Since the flow relations encountered in the oscil- 
lating disc viscometer and the rolling ball viscometer 
are complicated, they provide means of determining 
viscosities by comparative methods. The rolling ball 
viscometer was designed primarily to measure the vis- 
cosities of liquid where laminar flow can easily be 
obtained. For gas viscosity determinations, it is difficult, 
if not impossible to conduct experimental measurements 
entirely in the laminar region using a rolling ball vis- 
cometer. If the condition of flow in the tube is laminar, 
then the viscosity is nearly linear in time of roll multi- 
plied by a buoyancy factor which takes into account 
the density of the rolling ball and the gas.” If the 
condition of flow is turbulent (this in itself is difficult 
to define in a rolling ball viscometer), then the rolling 
ball viscometer must be calibrated for turbulence. Com- 
ings, Mayland, and Egly list the difficulties and uncer- 
tainties attending such calibrations. On the basis of 
their analysis, they concluded that: (1) the rolling ball 
viscometer has been misused in the determination of 
the viscosity of gases at high pressures and (2) the 
rolling ball viscometer is not a suitable instrument for 
the study of the viscosity of gases under pressure. 


On the other hand, experimental determinations of 
gas viscosities may be made entirely in the laminar 
region by means of a capillary tube viscometer. Ran- 
kine” developed the theory of a capillary tube vis- 
cometer and constructed an instrument for low pressure 
studies. Comings, Mayland, and Egly adapted the 
Rankine viscometer for high pressure studies and deter- 
mined viscosities for carbon dioxide, methane, and 
ethylene up to 2,500 psia. The viscosity of propane 
was determined to 615 psia. 

Basic viscosity data for methane and three mul- 
ticomponent gas mixtures have recently been ob- 
tained“ up to 10,000 psia and 220°F. The experi- 
mental technique used in the accumulation of these 
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PART I 


CORRELATION of the EFFECT of PRESSURE, TEMPERATURE, and 
COMPOSITION on the VISCOSITY of HYDROCARBONS and their MIXTURES 


BY NORMAN L. CARR 


data involves the capillary tube or Rankine type 
viscometer. 

Fig. | shows a comparison of the curves for the 
viscosity of methane at 86°F and 203°F determined 
by means of the capillary tube viscometer and by 
means of a rolling ball viscometer. A comparison of 
the viscosity data for propane is shown in Fig. 2. 
Invariably, the values of viscosities obtained by the 
rolling ball viscometer fall above those obtained by the 
capillary tube viscometer. The influence of pressure 
on the discrepancies may be studied in the light of 
the influence of pressure on the dimensionless Reynolds 
number” defined as: 


DI 


where 
D = diameter or eftective diameter of the 
channel through which flow occurs 


V = mean velocity of flow 
p = density of fluid 
u = viscosity of fluid 


Sitice the ratio p/u increases very rapidly with in- 
creased pressure, high Reynolds numbers and hence 
turbulence is favored by high pressures for a given 
instrument. Figs. | and 2 indicate a rise in the dis- 
crepancies with increased pressures. The Reynolds num- 
ber may be shown to reach a maximum with respect 
to pressure for some isotherms so that the degree of 
turbulence in the rolling ball viscometer may also reach 
a maximum value with respect to pressure. These points 
of consistency are demonstrated in Figs. 1 and 2. 

The Benedict, Webb, and Rubin Equation of State” 
has been applied in an analogy to predict the effect of 
pressure on the viscosity of methane, nitrogen, and two 
complex mixtures. The results of the computations indi- 
cated close agreement between the computed and 
experimental values. The results for methane are pre- 
sented in Fig. 5. 
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CORRELATION OF GAS VISCOSITY DATA 


Table 1 gives the composition of the gas mixtures 
on which viscosity determinations were made. In addi- 
tion, viscosity determinations were made on pure me- 
thane. These data and the data previously obtained 
by Comings, Mayland, and Egly and by Michels and 
Gibson” on nitrogen have been correlated as functions 
of reduced pressures and temperatures. Fig. 3 presents 
the final correlation of u/s, as functions of pseudo- 
reduced pressure for various values of pseudoreduced 
temperatures. The viscosity ratios for pseudoreduced 
pressures below 1.0 have been obtained from the work 
of Comings, Mayland, and Egly. Fig. 4, a crossplot of 
Fig. 3, may be used to interpolate between the isotherms 
of Fig. 3. For mixtures of hydrocarbons, the pseudo- 
critical concept of Kay™ is applied. Thus, in place of 
the critical temperature in Equation (1) the pseudo- 
critical temperature, 


n 


and the pseudocritical pressure, : 


TABLE 1— COMPOSITION OF GAS MIXTURES USED IN 
VISCOSITY RATIO CORRELATION 


A. HIGH ETHANE CONTENT GAS 


Mol 
Component Per Cent 
Ne 0.6 
CH, 73.4 Gas Gravity 6844 
25.6 
CaHe 0.2 
Cats 0.2 


8B. HIGH NITROGEN CONTENT NATURAL GAS 


He 0.8 
15.8 
CH, 73.1 
C2He 6.1 Gas Gravity 
CaHs 3.4 
i - 0.2 
n- 0.6 


C. LOW ETHANE CONTENT GAS 


Ne 0.3 
CH, 95.6 Gas Gravity 5776 
CoH, 3.6 
0.5 
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Fic. 3 — Viscosity RATIO vs PSEUDOREDUCED 
PRESSURE. 


n 
i= 


were used. In the above equations: 
x, = mol fraction of component / in the mixture 


T., = critical temperature of component i, absolute 
scale 
Po, = critical pressure of component i, absolute 


scale 


The average deviation of the’ predicted viscosity ratio 
from experimental points used in the correlation was 
found to be approximately 1.5 per cent. The maximum 
deviation occurred at reduced pressures in excess of 
10 for the high nitrogen content gas mixture. The 
maximum deviation was 5.4 per cent. 


The success with which the viscosity ratios may be 
correlated as unique functions of reduced temperatures 
and pressures is intimately related to the success with 
which the volumetric behavior of the pure components 
and mixtures can be correlated as a unique function of 
reduced temperatures and pressures. Thus, in the region 
near 7, = | and Pp =1 where correlation of volumetric 
properties becomes difficult, the representation of vis- 
cosity ratios may be expected to have the greatest 
uncertainty. On the other hand, in the region of high 
reduced temperatures, the accuracy of representing vis- 
cosity ratios of hydrocarbon mixtures in general may 
be expected to be good. It should be emphasized that 
Figs. 3 and 4 apply to the viscosity of a single phase 
mixture, more particularly to the gas or less dense phase. 
Phase equilibria calculations may be necessary to insure 
the existence of a single phase or to obtain the com- 
position of the equilibrium gas phase. 
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PART II 


APPLICATION of CORRELATION to the PREDICTION of VISCOSITIES of 
NATURAL GAS MIXTURES 


BY NOMAN L. CARR, RIKI KOBAYASHI, AND DAVID BURROWS 


The usefulness of Figs. 3 and 4 in predicting the 
viscosities of complex hydrocarbon mixtures is de- 
pendent on the prediction of the atmospheric viscosities 
of mixtures by relatively simple means. Methods for 
the prediction of the atmospheric viscosities of natural 
gases which have been developed by past workers”* 
are discussed. 


VISCOSITY AT ONE ATMOSPHERE PRESSURE 
BY INTERPOLATION OF PURE COMPONENT 
VISCOSITIES 


Fig. 6 is a plot of viscosity versus molecular weight 
which is essentially the plot proposed by Bicher and 
Katz" to determine the viscosity of hydrocarbon gas 
mixtures at atmospheric pressure. It was developed from 
the viscosities of natural mixtures containing a moderate 
amount of isomers. Bicher and Katz observed that the 
viscosities of methane-propane mixtures at one at- 
mosphere pressure read from a plot of viscosity versus 
molecular weight checked the experimental values 
obtained by Trautz and Sorg.” Fig. 9 shows this com- 
parison graphically for the methane-propane system. 


The agreement in all cases over the concentration range 
is within | per cent. Either the molecular weight or 
gas gravity may be applied to Fig. 6 to determine 
the atmospheric viscosities. Throughout this paper the 
gas gravity is defined as: 
G= Density “ Gas at 60 F, 14.7 psia (6) 
Density of Air at 60°F, 14.7 psia = 
Nonhydrocarbon components occur quite frequently 
in natural mixtures of hydrocarbons. The atmospheric 
viscosities of some of the more common nonhydrocarbon 
components are plotted on Fig. 7. The molecular weight- 
viscosity relationship of these components cannot be 
expected to correlate with the hydrocarbons, since the 
kinetic behavior of these molecules differs considerably 
from hydrocarbons of the same molecular weight. The 
viscosity of i-butane, n-butane, n-octane, and n-nonane, 
which were computed by the method of Hirschfelder,” 
are also plotted on Fig. 7. The values for n-decane were 
obtained by extrapolation. The viscosity of i-butane is 
shown to be higher than that of n-butane, whereas 
Sage, Yale, and Lacey” report the viscosity of n-butane 
to be greater than that of i-butane. 


6.07 


T 
aan 


+4 


| 


+444 


+ 
$+ +-+4 


TTT 


t 
TT 


TT 


TTT 


tit 


th 
+ 


+ TTTTT 


++ T 


H 


t 


4 


tet 
+44 


+ 


r 


44449 
r 
Seer 


dD } 


viscosity ratio “/A, 


Fic. 4 — Viscosity RATIO vs PSEUDOREDUCED TEMPERATURE. 


OCTOBER, 


1954 * JOURNAL OF PETROLEUM TECHNOLOGY 


+H | 
|_| IN NS 
iJ 
19 12 14 is 20 22 24 26 28 3.0 32 
PSEUDOREDUCED TEMPERATURE , Te 
50 


040 
040 
| 

w 
2 
2 030 
- 
025 
> 

020 

—— EXPERIMENTAL A 
~--- KINETIC PRESSURE ANALOG 
-—- FIGS 3 AND 4 
010 
° 2000 4000 6000 8000 10,000 
PRESSURE, PSIA 


Fic. 5 —-COMPARISON OF EXPERIMENTAL VISCOSITIES 
OF METHANE WITH KINETIC THEORY CALCULATIONS. 


Fig. 10 presents the viscosity of nitrogen-ethane and 
carbon dioxide-propane mixtures at one atmosphere. 
Both lines show a nearly linear relationship of the effect 
of concentration on viscosity. Insert plots on Fig. 6 
show corrections to the hydrocarbon viscosity values 
which may be applied to account for the presence of 
hydrogen sulfide, nitrogen, and carbon dioxide. A linear 
effect of concentration has been assumed to apply over 
the concentration range from 0 to 15 mol per cent of 


nonhydrocarbons. The insert plots were obtained trom 
the viscosity of the pure components and Fig. 6. The 
presence of each of the nonhydrocarbons is to increase 
the viscosity of the hydrocarbon mixtures. 


The accuracy with which the viscosities of mixtures 
of methane and higher molecular weight hydrocarbons 
at one atmosphere may be predicted from Fig. 6 is not 
known with certainty, since experimental data are 
unavailable. Methods used to calculate viscosities seem 
to indicate that Fig. 6 may be extended to complex 
mixtures involving components heavier than propane. 


CALCULATION OF VISCOSITY AT 
LOW PRESSURE 
Herning and Zipperer* proposed the following mix- 
ture rule for the viscosity of a mixture of gaseous com- 
ponents: 


Nn 
MX, VM, 

> x, VM, 
i=1 


in which: «, = 


viscosity of component i 
viscosity of mixture 


= 
x, = mol fraction of component i 
M, = molecular weight of component i 


Equation (7) affords a simple and reliable means 
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for calculating the viscosity of natural gas mixtures 
whose analyses are known. This equation was applied 
to synthetic mixtures and compared with the results 
obtained from Fig. 6. For both binary and complex 
mixtures, the calculated values were found to be in 
close accord with Fig. 6. Table 2 shows comparison of 
some of the mixtures calculated. 


CALCULATIONS BASED ON 
MOLECULAR THEORY 


Outstanding theoretical work has been published by 
Hirschfelder et al“* on the viscosity and other trans- 
port properties of gases. Basic equations and procedures 
for calculating the temperature dependence of viscosity 
for 45 pure gases are given. Curtiss and Hirschfelder 
developed relations to calculate the viscosities of mix- 
tures at low pressures. Their relations have been applied 
to binary, ternary, and multicomponent systems with 
amazing accuracy. This calculation of viscosity, which 
is based upon molecular theory, probably gives the 
most accurate means of computing temperature and 
composition dependence of viscosity. The computational 
methods of Hirschfelder et al have been adapted to 
graphical and nomographic solutions by Bromley and 
Wilke.” 


PSEUDOCRITICAL PRESSURES AND 
TEMPERATURES OF NATURAL GASES 
In order to obtain the effect of pressure on viscosity 


trom Fig. 6, it is necessary to know the pseudoreduced 
pressure and temperature of the mixture. If the gas 


analysis is known, the pseudocriticals used to compute 
the pseudoreduced pressure and temperature may be 
computed using Equations (4) and (5). 


Katz” showed that the pseudocritical temperatures and 
pressures of natural gases could be correlated with 
gas gravity. The pseudocritical gas gravity relation for 
various gas streams from a given gas field showed an 
even higher degree of correlation. The correlation ob- 
tained by Bicher and Katz, Fig. 8, may be used to obtain 
the pseudocritical pressure and temperature and thence 
the pseudoreduced pressure and temperature of natural 
gases. Again, insert plots are provided to indicate the 
direction and magnitude of errors introduced in the 
pseudocritical predictions by the presence of nonhydro- 
carbon constituents. These corrections are hypothetical 
in nature and assume that the hydrocarbon distribution 
remains unaffected by the presence of the nonhydro- 
carbons. This assumption is, of course, open to question. 


PROCEDURE TO DETERMINE GAS VISCOSITIES 
OF NATURAL GASES FROM GAS GRAVITY 


The gas viscosities of naturally occurring gases may 
be obtained in the following manner: 


I. From the experimental specific gravity of the 
gas phase, determine the pseudocritical temperature and 
pressure from Fig. 8. Corrections to these pseudocritical 
properties for the presence of the nonhydrocarbon 
gases (CO., N., and H.S) should be made if they are 
present in concentrations greater than 5 mol per cent. 
As mentioned previously, if the compositions of the gas 
phase are available, the calculated pseudocriticals are 
recommended over this procedure. 


2. Divide the known pressure (psia) by the pseudo- 
critical pressure to obtain the pseudoreduced pressure. 
In like manner, divide the known temperature (°R) 
by the pseudocritical temperature to obtain the pseudo- 
reduced temperature. 


3. From the pseudoreduced temperature and pressure, 
obtain the corresponding viscosity ratio from Figs. 3 
and 4. 


4. Obtain the viscosity of the gas at one atmosphere 
from Fig. 6 and convert the viscosity ratio to the 
absolute gas viscosity. Corrections of the atmospheric 
viscosities for the presence of high contents of non- 
hydrocarbon gases may be made from the insert plots 
in Fig. 6. 


TABLE 2—COMPARISON OF EXPERIMENTAL AND CALCULATED 
VISCOSITY AT ONE ATMOSPHERE 


Cal- 
culated 
by 
Temp. Experi- Mixture Per Cent Fig. Per Cent 
Gas Rule*? Dev. 6 Dev. 
79 =.01040 .01055 + 1.44 .01042 + 0.19 
150 = .01180 .01185 + 0.42 .011538 1.86 
150 .01326 §=..01333 + 1.29 01299 2.04 
200 .01420 .01419 0.07. .01375 3.17 
50%C:-50%C:** 68  .00906 .00911 + 00908 +- .22 
392 .01382 .01391 + 36 
50% C:-50% C:** 68  .00984  .00983 10 00981 
392 .01496 .01490 — .01480 1.07 
50% C:-50% C:** 68 00854  .00865 + .12 00855 1.17 
392 .01326 01322 - 30 01320 45 


*See Table | for composition 
**Mol Per Cent 
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EXAMPLE CALCULATION 


The following example calculation is presented to 
illustrate the use of the correlation to obtain gas vis- 
cosities from reservoir fluid data. The gas used in this 
illustration was collected during one displacement oper- 
ation in the stepwise pressure reduction during the 
analysis of a bottom-hole sample. This procedure is 
followed to simulate differential liberation of gas from 
a reservoir fluid. The reservoir temperature was 195°F, 
and the test pressure was 1,800 psig (1,815 psia). The 
gravity of the liberated gas was determined by the use 
of a tared glass weighing balloon. The gas gravity was 
found to be .7018 (air = 1.000). The calculations pro- 
ceed in the following manner: 


1. Molecular weight = (.7018 * 28.95) = 2031 
2. From which: 

Pseudocritical pressure = 667 (Fig. 8) 
Pseudocritical temperature = 390 (Fig. 8) 


Pseudoreduced pressure = 1,815/667 = 2.721 


Pseudoreduced temperature (460 + 195) 
= 1.679 


From Figs. 3 and 4: 
u/u, = 1.28 


From Fig. 6: 
Viscosity at one atmosphere (x4,) = .01223 ep 


390 


. Therefore: 
The viscosity at 1,800 psig and 195°F - 
1.28 X .01223 = .01565 cp 


This and other points computed in the same manner 
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PSEUDOCRITICAL PRESSURE AND TEMPERATURE FROM Gas GRAVITY. 


from gas specific gravity measurements are plotted in 
Fig. 11. Viscosity values which were calculated using 
compositions obtained by mass spectrometer fractional 
analyses from which pseudocritical pressures and tem- 
peratures were obtained by the use of Equations (4) 
and (5) are also presented on the same plot. It is seen 
that the viscosity values computed from the fractional 
analyses (which is considered the most accurate method ) 
and those obtained from gas gravity measurements 
are in close agreement. 
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VISCOSITY, CENTIPOISE 
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10 — Viscosity OF NITROGEN-ETHANE AND 
CARBON DiOXIDE-PROPANE MIXTURE AT 
ONE ATMOSPHERE. 


Additional analyses were performed on experimental 
data obtained from five separate reservoir fluid samples 
to check the two methods of obtaining pseudocritical 
pressures and temperatures. The deviation in gas vis- 
cosities did not exceed 3 per cent. 


CONCLUSIONS 


A correlation of the effect of pressure, temperature, 
and composition on the viscosity of hydrocarbons at 
pressures greater than 14.7 psia is presented. The cor- 
relation employs the theorem of corresponding states 
and may be expected to apply wherever this theorem 
accurately describes the volumetric behavior of the 
mixtures in question. The viscosity of complex hydro- 
carbon gas mixtures at one atmosphere may be com- 
puted from the gas analysis and almost as accurately 
from the gas gravity. Reliable viscosities of complex 
hydrocarbon gas mixtures at a given pressure and tem- 
perature may be rapidly calculated from #2 knowledge 
of gas gravity only. 
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Employment Notices 


The JouRNAL will post notices of 
men and jobs available. Companies 
and AIME members are invited to 
use this space, for which there is 
no charge. Except as noted below, 
address replies to: Code (appropriate 
number), JOURNAL OF PETROLEUM 
TECHNOLOGY, 800 Fidelity Union 
Bldg., Dallas 1. These replies will be 
forwarded unopened and no fees are 
involved. 


Replies to positions coded F-510 
below should be addressed to: Engi- 
neering Societies Personnel Service, 
8 West 40th St., New York 18, 
N. Y. The ESPS, on whose behalf 
these notices are published here, col- 
lects a fee from applicants actually 
placed. 


PERSONNEL 


jy Registered Engineer desires posi- 
tion in petroleum industry. Has been 
engaged for past four and one-half 
years in contracting engineering work 
connected with the expediting of crit- 
ical materials and parts for govern- 
ment defense contracts and preparing 
technical reports on market research 
and economic studies. Has expe- 
rience in technical industrial sales 
work in petroleum industry. Code 
223. 


yy Production-Reservoir Engineer 
and Production Supervisor with over 
16 years experience. Pressure main- 
tenance, secondary recovery, oil-gas 
reserves estimates, optimum operat- 
ing methods, completions, recom- 
pletions and workovers. Available in 
two to four weeks. Code 224. 


yy Petroleum Engineer, 40, with ap- 
proximately eight years experience 
in petroleum production, three years 
in evaluation, and two years tn tech- 
nical writing. Now employed but 
desires change. Code 225. 


yy Petroleum Engineer, 32, seeks 
reassignment, domestic or foreign, 
preferably with independent offer- 
ing opportunity for advancement. 
Eleven years domestic and foreign 
experience — drilling, production, 
reservoir, supervisory BS, married, 
no children, now employed. Code 
226. 


POSITIONS 


yyPetroleum Engineers, major oil 
company in South American has at- 
tractive positions for graduate engi- 
neers. Single status preferred. Pro- 
duction experience helpful but not 
necessary. Opportunities for advance- 
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ment. Other added perquisites in ad- 
dition to base salary. Reply giving 
full details of age, experience, col- 
lege transcript, military status, etc., 
Code 563. 


yyPetroleum Engineer, preferably 
recent graduate, for Louisiana Gult 
Coast work. Duties to require assist- 
ance in preparation of reservoir stud- 
ies, evaluation, and routine engineer- 
ing reports. Work with reliable and 
financially strong concern. Reply giv- 
ing age, previous experience, mili- 
tary status, and salary desired. In- 
quiries will be kept strictly confiden- 
tial. Our employees know of this ad. 
Code 564. 


yy Petroleum Engineer for develop- 
ment and field work. Large and 
expanding chemical company with 
established markets for its products 
in petroleum production has opening. 
Headquarters and laboratories on 
eastern seaboard. Work will consist 
of evaluating company’s products in 
laboratory for suitability in oil pro- 
duction and conducting field trials 
of those showing promise. Code 565. 


yy Major Oil Company has open- 
ings for several reservoir engineers. 
Prefer one or two years reservoir 
experience with some background of 
field work. Excellent opportunities 
for advancement with aggressive or- 
ganization. Code 566. 


Petroleum Engineers. (a) asso- 
ciate petroleum engineers, 23-30, sin- 
gle, graduate engineer, with one or 
more years experience in petroleum 
engineering. Will be initially assigned 
to special studies and projects re- 
garding facility design, costs or prof- 
itability. Will be trained to eventual 
employment in al: petroleum engi- 
neering positions. Salary, $6900 to 
$7500 a year. (b) petroleum engi- 
neer, 25-35, single; require petroleum 
engineer with a mechanical engi- 
neering background who has _ had 
experience in material and equip- 
ment design and purchasing for drill- 
ing and producing facilities. Salary, 
$8400 to $9000 a year. (c) senior 
petroleum engineer, 30-40, single, 
with five to ten years experience in 
all phases of the petroleum industry. 
Must be well versed in engineering 
design and construction of major 
facilities including pipelines. Expe- 
rience and training must have pre- 
pared him for cost, payout and prof- 
itability studies. Salary, $9600 to 
$10,800 a year. All candidates will 
be given limited training in U.S.A. 
Location, Far East. F510. 


Petroleum Papers Set 
For Pittsburgh Section 
Off-the-Record Meeting 


The Petroleum Branch, Pittsburgh 
Section Annual Off-the-Record Meet- 
ing will be held on October 29 at 
the William Penn Hotel. Morning 
and afternoon technical sessions, a 
noon luncheon, and an evening ban- 
quet are scheduled. 

The program committee for pe- 
tro'eum papers are Paul F. Fulton, 
The University of Pittsburgh, James 
H. Henderson, Gulf Research and 
Development Co., and Richard 
Murdy, New York State Natural 
Gas Co. The petroleum session will 
be held in conjunction with other 
activities of the Pittsburgh Local 
Section. 

A. R. Gregory, Gulf Research and 
Development Co., and Paul Kuz- 
mich, Manufacturers Light and Heat 
Co., are the chairmen of the morn- 
ing programs which will start at 
9:30. Papers to be presented are: 
“Tax Problems in Oil and Gas Oper- 
ations,” by Clarence D. Weimer, 
Gulf Oil Corp; “Some Field Studies 
on the Effect of Changing the Per- 
meability Around Injection and Pro- 
ducing Wells,” by Robert Bossler, 
director of the Penn Grade Oil Pro- 
duction Research Laboratory; and 
“Regulated Well Spacing Is Common 
Sense,” by F. E. Eckert, Hanley and 
Bird. 

At 2 p.m. the afternoon program 
will begin with Albert I. Ingham, 
Peoples Natural Gas Co., as chair- 
man. The program includes: “Air 
and Natural Gas Drilling by the New 
York State Natural Gas Corp. in the 
Benezette-Oriskany Gas Field, Elk 
County, Pa.,” by J. W. Hendrickson, 
New York State Natural Gas Co.; 
“Deep Rotary Drilling in Pennsyi- 
vania,” by Earl W. Linn, Benedum 
Trees Oil Co.; and a discussion rel- 
ative to the formation of a Petro- 
leum Sub-section within the Pitts- 
burgh Local Section, AIME, led by 
John C. Calhoun, of the Pennsyl- 
vania State University. 


yy Teacher for Petroleum Engineer- 
ing subjects, preferably with Master's 
Degree. One-half time to be devoted 
to teaching and the remainder may 
be spent on work toward an ad- 
vanced degree in science, engineer- 
ing, or mathematics. Salary — $3,600 
for approximately nine months. Send 
complete record to Department of 
Mining and Petroleum Engineering, 
The Ohio State University, Colum- 
bus 10, Ohio. 
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November 17, 18 


Secondary Recovery Symposium Scheduled at Wichita Falls 


A Secondary Recovery Symposium has been sched- 
uled for November 17 and 18 at Midwestern University 
Auditorium in Wichta Falls, Tex. It is to be presented by 
the North Texas Section of the AIME and sponsored 
by the North Texas Oil and Gas Association. 


Eleven technical papers will be presented at the 
meeting, as well as a final open-question forum on 
material covered during the symposium. A_banquet- 
dance and ladies’ activities are planned. 


The banquet and dance will be held at the Midwestern 
University Center Building on Wednesday, November 
17. E. Morris Seydell, of Seydell Operating Co., gen- 
eral chairman of the Symposium Committee, will pre- 
side and William J. Murray, Jr., of the Texas Railroad 
Commission, will speak on “Secondary Recovery and 
the Railroad Commission of Texas.” Dress for the 
dinner will be informal. 


Ladies’ activities at the two-day meeting will feature 
a color-slide presentation by Joe B. Alford, Petroleum 
Branch executive secretary, on “How Petroleum Engi- 
neering Increases Oil Recovery.” This presentation will 
be made at a luncheon to be held at noon Wednesday 
at the Wichita Falls Woman’s Forum. On Thursday, 
the ladies will be served coffee at the Petroleum Club 
in the Kemp Hotel from 10:00 a.m. until 12:00 m. 


Those planning to attend the Symposium are urged 
to make hotel reservations in advance and to pre- 
register for the various activities. Preprints of the papers 
will be mailed to those sending in their registration 
fees by November | and will be held for those pre- 
registering after that time. Tickets to the social activities 
will be mailed to those who preregister by November 10. 

Members of the Symposium Committee, which is 
headed by Seydell, are: David B. Meisenheimer, The 
Texas Co., chairman, North Texas Section, AIME; 
Richard R. Darner, W. H. Hammon Co., arrangements: 
Elmer A. Milz, Shell Oil Co., hotels; Mrs. Thomas 
Darling, Petroleum Engineers Wives Association, ladies’ 
activities; Jack F. Berry, The Texas Co., publicity: 
Roland Gouldy, consultant, registration; and Donald 
T. May, Ryder Scott Co., and Rollie P. Dobyns, U. S. 
Bureau of Mines, transportation. 


Wednesday, November 17 


9:00 a.m. — Midwestern University Auditorium, David 

B. Meisenheimer presiding. 

General Outline of Symposium, by Davip B. MEISEN- 
HEIMER. 


Economics of Water Flooding, by L. L. BRUNDRED, 
Brundred Enterprises, Abilene, Tex. 


Evaluation of Reservoir Characteristics, by W. L. 
Horner, Core Laboratories €o., Inc., Dallas. 


Sweepout Patterns in Depleted and in Stratified Reser- 
voirs, by A. B. Dyes and P. H. Braun, The Atlantic 
Refining Co., Dallas. 


12:00 m.— For the Ladies — Luncheon and 50 color- 
slide presentation explaining petroleum engineering in 
non-technical terms entitled “How Petroleum Engineer- 
ing Increases Oil Recovery,” by Joe B. Alford, Executive 
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Secretary, Petroleum Branch, AIME — Wichita Falis 
Woman’s Forum. 


1:00 p.m. — Midwestern University Auditorium — Don- 

ald T. May presiding. 

Water Source and Requirements, by R. C. EARLOUGHER 
and Ray W. Amstutz, Earlougher Engineering, 
Tulsa. 


Water Flood Patterns and Injection Rates, by J. F. 
BUCKWALTER, Ryder Scott Co., Bradford, Pa. 


Well Completions for Water-Flood Operations, by 
MarsH S. Watson, Jr., and Tep G. Warp, Jr., 
Buckles and Hostetler, Monahans, Tex. 


Design and Operation of Plants for the Preparation of 
Water for Injection into Oil Reservoirs, by J. WADE 
WarkINs, U. S. Bureau of Mines, Bartlesville. 


Preparation of Water for Injection into Oil Reservoirs, 
by Paut D. Torrey, Orchem Corp., Austin, Tex. 


7:00 p.m.— BANQUET AND DANCE — Midwestern 
University Center Building, E. Morris Seydell presid- 
ing, and William J. Murray, Jr., speaking on “Secondary 
aneveey and the Railroad Commission of Texas,” dress 
informal. 


Thursday, November 18 


10:00 a.m. to 12:00 m. — COFFEE — Petroleum Club, 
Kemp Hotel. 


9:00 a.m. — Midwestern University Auditorium — 
Roland Gouldy presiding. 


Magnolia West Burkburnett Water-Flood Project, by 
J. W. W. Wuitney, Jr., Magnolia Petroleum Co., 
Electra, Tex. 


Gas Injection and Water-Flood Performance, Hildreth 
Unit, Montague County, Texas, by R. L. FREEBORN, 
Continental Oil Co., Wichita Falls. 


1:00 p.m. — Midwestern University Auditorium, Elmer 

A. Milz presiding. 

Weter-Fiood Activity in KMA Field, by R. P. Dosyns. 
U. S. Bureau of Mines, Wichita Falls; D. S. McBride, 
Tidewater Associated Oil Co., Kamay, Tex.; J. E. 
SPRINGBORN, Shell Oil Co., Wichita Falls; and R. R. 
DarRNeER, W. H. Hammon Co., Wichita Falls. 


Open-Question Forum on Material Covered During 
Symposium, by all authors and co-authors. 


Annual Instrumentation Conference Set 


The Third Annual Instrumentation Conference of 
the Louisiana Tech School of Engineering will be held 
at Ruston on November 4 and 5. All companies or 
persons interested in attending this conference should 
contact the School of Engineering now. 


Previous conferences in this series were held in April. 
The new fall date was established to alleviate conflicts 
of the busy spring months, states Arthur C. Thigpen, 
chairman of the Conference publicity committee. 
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T. ravages of blowouts are almost 
gone from today’s drilling, due to 
modern mud control and mechanical 
equipment. 
During these progressive years, oil 
operators have continually relied on 
Baroid to maintain the proper mud 
weight needed to control formation 
ressures. 
Baroid has proved to be the out- 
standing weight material because of 
continued high quality, high specific 
gravity, good suspending properties 
and freedom from corrosiveness and 
abrasiveness. 
As fine a weight material as research 
has produced and money can buy, 
Baroid is the most extensively used 
weight material in the industry. For 
over a quarter-century, Baroid’s top 
quality has been maintained by un- 
varying process standards, to supply 
a product providing maximum 
weight increase with minimum re- 
sulting viscosity increase to the drill- 
ing fluid. 
Over 600 distribution points, 
strategically located for on-the-rig 
delivery service to every active drill- 
ing area, can supply you with Baroid 
in any quantity desired. Bulk Baroid 
available to Gulf Coast rig locations. 


NOW AS EVER 
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FOR PREVENTING & ELIMINATING 


OSS OF CIRCULATION 


OVER PRETEEN YEARS 
SUCCESS USE 
THE FIELD 


Why Baroid’s FIBERTEX 
more efficiently prevents 
mud loss in porous formations 


BECAUSE ... Fibertex is a scientifically developed intimate 
mixture of long and short sugar cane fibers it more efficiently 
forms a mat-like bridge in and over formation openings 
that take mud. Subsequent rapid deposition of a filter cake 
takes place, completely sealing many formations to which 
mud is lost. 


Fibertex is mixed with the drilling mud either in concentrated 
batches, for spot treatment, or throughout the entire system. 
Fibertex is carried to the formation in the mud, which 
furnishes the colloidal particles needed to form the final 
filter cake seal. 


Fibertex has continued to surpass all other fibrous materials 
for preventing or overcoming lost circulation. Special 
processing enables it to resist decomposition even after remain- 
ing in the mud system for long periods. The first and 
still the best scientifically developed lost circulation 
material, be sure to ask for Fibertex. 


Fibertex is availeble in handy 40-pound bags at 
5 your favorite Baroid distributor. Over 600 
distribution points throughout the active oil 
area to serve you. 
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PROPOSED FOR 


TOTAL AIME membership on June 3°, 
1954, waa 21,033; in addition 1.697 Student 
Associates were enrolled. 


PETROLEUM BRANCH ADMISSIONS 
COMMITTEE 


IF. G. Prutzman, chairman; J. H. Sullivan; 
F. C. Kelton; C. C. Harter; Virgil Harris: 
Charies Hudson. 


INSTITUTE ADMISSIONS COMMITTEE 


O. B. J. Fraser, chairman; R, B. Caples, 
vice-chairman; F. A. Ayer, A. C. Brinker, 
Rh. H. Dickson, Max Gensamer, Ivan A. Given. 
Fred W. Hanson, T. D. Jones, Sidney Ro le, 
J. H. Seatf. John T. Sherman, F. T. Sisco, 
Frank T. Weems, R. L. Ziegfeld. 


‘The Institute desires to extend its privileges 
tu every person to whom it can be of service, 
but does not desire as members persons who 
are unqualified. Institute members are urged 
to review this list as soon as possible and 
immediately to inform the Secretary's office if 
names of people are found who are known 
to be unqualified for AIME membership. 


In the following list C/S means change of 
status; R, reinstat t; » Member; 7 
Junior Member, A, Associate Member; 5S, 
Student Associate. 


California 

Brea — Bell, Wayne Elliott (A). 

Fullerton — Higgins, Robert Edward (A). 
Los Angeles — Steiner, Edward Morrow (J) 
Oak View — Ghauri, Waheed Khan (J). 
San Francisco — Cord, Richard Harvey (J). 


Colorado 


Denver Ferry, John Huntington (C/S- 
J-M). 


Florida 
Tallahassee — Patton, Jacob Luther (M). 


Illinois 
Centralia — McCarty, James Alan (M). 


Kansas 
Ellinwood Walters, Lloyd Harold, Jr. (J). 


Louisiana 

New Orleans — Kucel, Richard Joseph (J); 
Leemann, E. H. (M). 

Shreveport — Holt, Carl Gore (M). 


Mississippi 


Brookhaven — Gautreaux, Evans F'aul (J); 
Rodriguez, Raymond Joseph (J). 


Missouri 


Kansas City Tompkins, William Herbert 
(M). 


New Mexico 

Hobbs — Carlton, Riley V. (J): Huddleston, 
Kenneth Ray (J); Nolan, William Ewing 
(R, C/S-J-M). 


Oklahoma 

Hooker — Horton, William Leonardo (A). 
Oklahoma City — Ball, William Warren (M); 
Carpenter, Dana Herbert (M):; Leith, Her- 
man Edwin (M). 

Ponca City — Joers, John Calvin (R, C/S- 
S-J). 

Tulsa — Gibbs, Lloyd Tolbert (M); Hughes, 
Ivor Hayden (M); Leach, Robert Orland 
(J); Schneider, Frederic Nicholas (J); Smith, 
Oziel Lewis, Jr. (J). 


Texas 

Abilene — See Alonzo B. (M). 

Alice — Andersen, Howard Warren (M). 
Amariilo — Weichert, Ernest A. (M). 
Beaumont — Long, Alfred B. (M); Prihoda, 
Clarence Henry (J). 

Bellaire -——- Franks, Curtis Charles (A). 
Borger — Evans, Samuel Allen (M). 
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MEMBERSHIP, PETROLEUM BRANCH 


Breckenridge — Miller, Bob Tris (J) Pampa — Caroll, Joseph Carlos (3); Ross 


Corpus Christe Stewart, James Fred (R LeRoy Chester (J). 


C/S-S-J). Placedo — Chronister, William Carl (M). 
Corsicana — Guthrie, Bert Stewart (J). San Antonio — Montgomery, James M. (R, 
Dallas — Carter, Ernest Anderson (M); Good- M). 

rich, Dan (A); Gottlieb, Sidney Harold (M); Silver — Branch, William Herschel (J): 
Smith, Harold Bily (J): Yost, Wiliam Hornback, Clyde Vernon (J). 

Jacque (M). Sundswn — Chilton, Edward G. (J). 


Fort Worth DeBrine, Bruce Emerson (J); 
Duree, Jack T. (M); Terry, Joe B. (M). Wyoming 

Houston Eicher, Harry V. (M);: Faseler, Casper — Smalley, Ra'’ph, Jr. (M). 

E. John, Jr. (M); Forsyth, John Donald 

(M); Johnson, Wayne J. (A); Van Dyke, Canada 

Orien W. (C/S-A-M). Edmonton, Alta. — Lougheed, Donald Doug- 
Kilgore Foster, James Merrill (M). las (J) 

Midland — Harris, Harold Murry (R, M); 
Hurst, Robert Eugene (M); Owens, Wiliam Venezuela 

D. (J). Tia Juana — Farr, Norman Ne'son (J). 


BAASH-ROSS 
“DU'' ROTARY SLIPS 


the outstanding choice 
of the industry 


... because they are unitized for uniform gripping. 
... because they are light weight and balanced. 


... because their segmented liners are easily replaced. 


... because two basic body sizes can handle all pipe 
sizes from 2¥%” through 7” O.D. 


... because their perfected gripping surface HOLDS! 


BAASH-ROSS TOOL COMPANY 
Los Angeles, Houston, Oklahoma City, Odessa, Casper, Canton, New York 
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PERSONALS 


R. G. RALPH (left) has been 
named hydraulic sales manager for 
Kobe and will be in charge of serv- 
ice and field shop operations, as well 
as field testing. Ray ELNER (right) is 
now in charge of sales of Kobe, Inc., 
hydraulic pumping equipment with 
offices in Huntington Park, Calif. 
He formerly was Southern Division 
sales manager for Kobe and lived 
in Fort Worth. He is a member ot 


the Petroleum Branch Transactions 
The Best Editorial Committee. 


HERBERT Hoover, Jr., has been 


i > ] > Qtate 
_, appointed Undersecretary of State by 


the President, having assumed his 
<i Friend a new duties on October 1. He had 
served as a special advisor to Secre- 

tary Dulles in handling the Iranian 
problem prior to his selection as 
number two man in the State De- 
partment. He has resigned his di- 
rectorship in Union Oil Co. and his 
board chairmanship with United 
Geophysical Co., which he founded. 


* 


H. E. TREICHLER, JR., has been 
promoted to the position of assistant 
to the president of Houston Oil Co. 
of Texas. The 1940 Colorado School 
of Mines graduate was associated 
with The Texas Co. until joining 
Houston Oil Co. in 1950. BARRETI 
E. Booru is succeeding him as gen- 
eral superintendent of drilling and 
production for the company. He 
formerly was superintendent of the 
company’s southwestern district at 
Beeville, Tex. 


* 


James E. HOLpeN is now chiet 
engineer with Gregg Oil Co. with 
offices in Houston. The University 
of Texas petroleum engineering grad- 
uate was formerly a petroleum en- 
gineer with The Ohio Oil Co. in 
their Houston Division Office. 


* 


A. G. METCALFE, formerly field 
engineer at Kilgore, Tex., has been 
JRE CONTROL, Ih es promoted to area engineer at Con- 
roe, Tex., by the Tide Water Oil Co. 

Country 


* 

| 
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Logging Interpretations 
Studied by Dallas Group 


Representatives of Halliburton, 
Schlumberger, and Lane-Wells are 
speaking to the Dallas Local Section 
Study Group on well logging inter- 
pretations in a series of eight ses- 
sions. The group meets twice monthly 
with approximately 110 attending 
each session. 


G. T. Armstrong, Halliburton, was 
the speaker at the first three sessions. 
His topics were: “Theory of Resis- 
tivity Measurements using the Con- 
ventional Electric Log,” “Theory and 
Interpretation of the S. P. Curve 
and the Relation of the Electric Log 
to the Physical Characteristics of 
Rock,” and “Examples of Quantita- 
tive Interpretation of the Conven- 
tional Electric Log.” 


H. C. Brand, of Schlumberger, will 
be the speaker at the October 21 
meeting and at the two following 
meetings scheduled for November 
4 and 18. He will talk on “Determi- 
nation of Porosity,” “Determination 
of True Resistivity,” and Determina- 
tion of Connate Water” in that order. 


Dan H. McClendon, Lane-Wells, 
will speak at the final two sessions 
of this Study Group series. On De- 
cember 2 and 16 he will talk on 
“Theory and Interpretation of Gam- 
ma-ray and Radioactive Logs.” 


‘Raw Materials’ Meeting 
Scheduled for Dallas 


“Stockpiling for National Defense” 
will be the subject of an address to 
be given by Arthur S. Fleming, di- 
rector of the Office of Defense 
Mobilization, at a Dallas conference 
on the Raw Material Needs of the 
U. S. The November 15, 16, and 
17 conference will be sponsored by 
the Dallas Council on World Affairs. 


Other topics scheduled for cover- 
age in major addresses are minerals 
in industrial politics, minerals in 
world trade, energy sources for in- 
dustrial growth, mineral require- 
ments of an expanding economy, 
known U. S. resources, and closing 
the gap through increased explora- 
tion, beneficiation, conservation, and 
substitution. 


Panels and round table discussions 
will consider subsidies, depletion al- 
lowances, mineral codes, tariffs, tax 
structures, and the creation of a 
favorable investment climate abroad 
for American capital. 
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TALKS on MANAGEMENT, INVESTMENTS 
HIGHLIGHT LOCAL SECTION MEETINGS 


Talks on management and invest- 
ments highlighted the programs at 
the Petroleum Local Sections meet- 
ings in September. Many sections 
were holding their first meeting of 
the fall after a summer vacation. 

The Denver Petroleum Section 
heard a talk by Kenneth E. Hill, 
vice-president of the Chase National 
Bank in New York City, on the 
subject of “Oil Property Financing 
and Valuation.” 

“How the Securities and Stock 
Market Works” was explained to the 
South Plains Local Section by Frank 
D. Brown, of E. F. Hutton & Co. 

E. O. Buck, vice-president of the 
National Bank of Commerce, in 
Houston, spoke to the Permian Basin 
Section in Odessa on “Relationship 
of a Large Bank to the Oil Industry.” 


Engineering Training 


The Billings Petroleum Section 
heard John B. Flugstad speak on 
“Engineering Training.” He is a 
petroleum engineer for the Montana 
Oil and Gas Conservation Com- 
mission. 


R. B. Sale, of the Production De- 
partment of Continental Oil Co., was 
the speaker before the Gulf Coast 
Local Section. He discussed “Co-ordi- 
nating the Management Develop- 
ment Effort.” 


The Dallas Local Section heard 
Lewis E. Frensley, controller of the 
Magnolia Petroleum Co., present a 
talk on “Depletion Allowance.” A 
movie entitled “It Never Rains Oil” 
was shown at this meeting. 

“General Aspects of Proration in 
Oklahoma” was explained by Mas- 
sena Murray, Oklahoma Director of 
Conservation, to the Oklahoma City 
Local Section. 


Automatic Controls 


C. R. Bayless, Gulf Oil Corp., 
spoke to an East Texas Local Section 
audience on “Automatic Control for 
Oil Production.” This is the same 
paper which he presented at the Pe- 
troleum Branch Fall Meeting in San 
Antonio. 

The Southwest Texas Local Sec- 
tion took time out from its work 
on the Fall Meeting to hear a talk 
on “Correlating Device for Predict- 
ing Reservoir Performance.” This 


paper, by George C. Heuer, Jr., of 
Texas Petroleum Research Commis- 
sion and the University of Texas 
Department of Petroleum Engineer- 
ing, was published in the September 
issue of the JOURNAL OF PETROLEUM 
TECHNOLOGY. 

“The Importance of Research in 
Drilling and Production Operations” 
was the topic of a talk before the 
North Texas Section. Lloyd E. EI- 
kins, production research director for 
Stanolind, presented information on 
the latest developments and_ tech- 
niques in such fields as drilling, 
squeeze cementing, hydraulic fractur- 
ing, fire flooding, water flooding, and 
others. 


Kansas Meetings 


Both groups of the Kansas Local 
Section met for technical programs 
during the month. At Great Bend 
the Western Kansas group heard 
John Rogers, representative of the 
Amercoat Corp., speak on Pro- 
tective Coatings for Corrosion Con- 
trol in the Petroleum Industry.” At 
Wichita, J. M. Wanenmacher, of 
the Tulsa consulting firm of Kep- 
linger and Wanenmacher, talked on 
“Reservoir Evaluation for Water- 
Flood Possibilities.” 

Over 100 persons attended a meet- 
ing at Shreveport of the Lou-Ark 
Section to hear a talk by Joe B. 
Alford, Petroleum Branch executive 
secretary, on “The Role of the Petro- 
leum Engineering Profession in the 
Oil Industry.” Alford also made this 
talk at the San Joaquin Valley Local 
Section on October 5. 


The Gulf Coast Local 
Study Group started its fall session 
with plans to meet on the fourth 
Tuesday of each month. The subject 
of the first meeting was “Funda- 
mental Problems in Formation Eval- 
uation Techniques,” with Norman 
Clark, Humble Oil & Refining Co.. 
the speaker. Taking part in a panel 
discussion on the program’ were 
Clark, C. B. Scotty, of the Texas Co., 
R. M. Darling, of Stanolind, and 
E. L. Petree of Gulf. 


In Abilene the West Central Texas 
Local Section opened its fall activi- 
ties at a more leisurely pace with a 
picnic at the West Texas Utilities 
Employees Recreational Hall. *** 


Section 
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PROFESSIONAL SERVICES 


This space available only to AIME members 


Rates Upon Request 


AMSTUTZ AND YATES, INC. 


Petroleum Engineers and Geologists 
Estimates of Oil and Gas Reserves 
Property Valuations, Reservoir Analyses 


406 KFH BLDG., WICHITA 2, KANS. 


BALL ASSOCIATES 
OIL AND GAS CONSULTANTS 
Max W. Bal! Douglas Ball 
Rex E. Cheek Taber de Polo 
1025 VERMONT AVENUE, N.W. 
WASHINGTON, D.C. 


J. HOWARD BARNETT 
PETROLEUM CONSULTANT 
Casper National Bank Bldg. Phone 2-1758 


113 East Second St. Casper, Wyoming 


ROBERT M. BEATTY 


Consulting Geologist 


Esperson Building Houston 2, Texas 


W. RUSSELL BIRDWELL 


Consulting Petroleum Engineer 
PHONE 6.6601 BOX 1348 
Frontier Oil & Gas Bldg. 
McALLEN, TEXAS 


CRUTCHFIELD AND PRUETT 
CONSULTING PETROLEUM ENGINEERS 
Wilson Tower 
CORPUS CHRISTI, TEXAS 
John W. Crutchfield Horton T. Pruett 


R. W. LAUGHLIN 
Well Elevations 
Laughlin-Simmons & Co. 
2010 S. Utica 
TULSA 4, OKLAHOMA 


EARLOUGHER ENGINEERING 


Petroleum Consultants - Core Analyses 
Specializing in Secondary Recovery 
Investigations - Appraisals - Operations 
3316 East 21st St. 

TULSA 5, OKLAHOMA 
Phone: 9-6345 


EASTON & SACRE 


Consulting Petroleum Engineers 
E. M. Easton 
L. P. Socre, Jr. 
H. M. Allen 
1660 Oak Street Phone FAirview 2-3934 
BAKERSFIELD, CALIFORNIA 


WARD M. EDINGER 


Consulting Petroleum Engineer 
Secondary Recovery 
Oil and Gas Reserves 
Reservoir Analyses 
729 Hightower Building 
Oklahoma City, Okla. FO-5-1421 


FITTING & JONES 


Engineering and Geological Consultants 
Ralph U. Fitting, Jr. 


. R. Jones 

T. W. Hassel! 
Petroleum Natural Gas 
223 S. Big Spring St. Box 1637 
Phone 4-445] Midland, Texas 


BRADLEY, OLIVER AND 
ASSOCIATES 
PETROLEUM CONSULTANTS 
Geology, Engineering and Management 
3300 Republic Bonk Bidg. 
Dallas, Texas ST-5331 


Oil and Gas Reserves — Appraisals 
Flooding — Technology 


J. RANDOLPH BUCK 
Petroleum Engineer 


National City Bldg. STerling 1688 
DALLAS, TEXAS 


JOHN G. CAMPBELL 


Analytical and Petroleum Chemists 
Podbielniak and Charcoal Analyses 
Waters - Oil Field Brines 
Field Sampling 


PHONE: 4.3071 CORPUS CHRISTI, TEXAS 


ROBERT D. FITTING 


Petroleum Consultant 
Engineering and Geology 


MIDLAND, TEXAS 
201 West Building Phone: 4-4922 


MICHEL T. HALBOUTY 


CONSULTING GEOLOGIST 
AND PETROLEUM ENGINEER 
Shell Building 


Houston 2, Texas Phone PR-6376 


GEORGE A. HOCH 


Thin Section Technician 
Unconsolidated Materials a Specialty 
Standard and Vacuum Impregnated Sections 
Department of Geology 
Franklin & Marshall College, Lancaster, Pa. 


E. W. HOUGH 
Emulsion and Paraffin Problems 
Box 7547 University Station 
Austin, Texos 


CHEMICAL & GEOLOGICAL 
LABORATORIES 


Consultonts - 9 - Evaluati 

James G. Crawford Chemical Engineer 
F. Summerford Petroleum Geclogist 
George W. Davis, Jr. Petroleum Engineer 
P. O. BOX 279 CASPER, WYOMING 


MARTIN, WILLIAMS & JUDSON 
PETROLEUM CONSULTANTS 
Engineering - Geology - Management 


131 Central Bidg. Phone 2-5216 
MIDLAND, TEXAS 
William H. Martin R. Ken Williams 


Edward H. Judson 


WAYNE L. McCANN 


Petroleum Engineering and Geology 
SHREVEPORT, LOUISIANA 


Petroleum Building Phone: 2-8023 


M. M. MONTGOMERY 


CONSULTING PETROLEUM ENGINEER 
Valuations, Drilling, Well Completions, 
Production, Workovers 
Property Management 
Williston, 


Bldg. 
-4642 North Dakota 


JOHN A. NEWMAN 
Reserve Estimates, Property Valuation 
Reservoir Analysis 
319 Gulf Building Houston 2, Texas 


NOWLAN-DODSON 
ENGINEERING, INC. 


Reservoir Analyses — Water Flood Projects 
jatural Gas Engineering 
Gas Storage Reservoirs 
EVANSVILLE, INDIANA 

319 COURT BUILDING PHONE 5-8154 


OILFIELD RESEARCH 
Core Analysis Reservoir Engineering 
1907 DIV., EVANSVILLE, IND. 
Phone 7-1508 (Night 6-0608 or 6-4882) 
Service Laboratories: 

Mt. Vernon, Ill. Paintsville, Ky. 
Phones: (Day) 5121 or (Night) 1160 


ERNEST K. PARKS 


CONSULTING PETROLEUM ENGINEER 
Planning, Direction and Examination of 
Oilfield Operations, Estimates of Oil and 
Gas Reserves, Oil Property Valuation 
306 N. Cliffwood Ave., Los Angeles 49, 
California 
Telephone: Arizona 34832 


PETROLEUM CONSULTANTS 
Engineering and Geology 
E. O. Bennett 
D. G. Hawthorn 
1552 Esperson Building 


James O. Lewis 


M. D. Hodges 


Houston 2, Texas 


KELLER & PETERSON 


Petroleum Consultants 


Reserve Estimates Reservoir Analysis 
Petroleum and Geological Engineering 


902 W. T. WAGGONER BLDG. 


W. O. Keller L. F. Peterson 


PETROLEUM ENGINEERING 
INCORPORATED 


Petroleum and Geological Engineering 
Core Analysis — Appraisals 
Develop t and Operation of 
Water Flood Projects 
ROBINSON, ILLINOIS 


BOX 239 


JOURNAL OF PETROLEUM TECHNOLOGY 


FORT WORTH, TEXAS 
Phone: FOrtune 4340 
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PETROLEUM TECHNOLOGISTS 
Production Research — Core Analysis 
Secondary Recovery 


868 Truckway, Montebello, Calif. 
NORRIS JOHNSTON PArkview 1-5338 


PISHNY AND ATKINSON 
s and Geologist 
Valuation of Oil and Gos Properties 


2412 Continental Life Bldg. 
FORT WORTH, TEXAS 
Chas. H. Pishny Burton Atkinson 


HARRY H. POWER 
PETROLEUM AND VALUATION ENGINEER 
Box 1542 University Station 
Austin, Texas 


E. E. REHN 
Consulting Petroleum Geologist 
Oil Exploration 
Wood Building, 624 Locust Street 
EVANSVILLE, INDIANA 


R. WAYNE RUSSELL 
PETROLEUM CONSULTANT 
Geology, Engineering and Management 
625 Reserve ‘eee Life Bldg., Dallas, Tex., 

hone ST-3020 


JOHN HOWARD SAMUELL 


Specializing in Bank Valuations 
Geologist and Petroleum Engineer 


Compton Building Box 732 
Phones 4-4493 and 4-4597, Abilene, Texas 


SOL SMITH 
CONSULTING ENGINEER 
PETROLEUM AND NATURAL GAS 
Reserves Deliverability 
Oil and Gas Proration 
913 BROWN BUILDING 
AUSTIN, TEXAS PHONE: 8-9498 


WM. H. SPICE, JR. 
Consulting Geologist 
2101-03 Alamo National Building 
SAN ANTONIO 5, TEXAS 


SUBSURFACE 
ENGINEERING COMPANY 


Experts in Field Testing, Sampling and 
Analyzing Reservoirs and Reservoir Fluid 
for Reservoir Studies. 
WRIGHT PETROLEUM LABORATORY 
Home Office: Box 1827, Tulsa 
Frank Purdum 


TRAFFORD & ASSOCIATES 


Geological, Petroleum Engineering and 


E. Trafford Phones 
°. Pot Wales Hotel Bidg. 692591 
a Newland 10th Floor 61212 

. Stout Calgary, Alberta 61224 


CHARLES C. (RUSTY) WILLIAMS 
Geologist — Geophysicist 
Williams Seismograph, Inc. 
252 South Green Street Phone 62-7274 
WICHITA, KANSAS 
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1100 NORTH COMMERCE ST. 
Hevston Plant: 2215 Commerce $1. 


Simplest of all two-plug methods, the Rector 
Fulbore Method also has these 5 basic prin- 
ciples which are absolutely essential for 
better cementing jobs. 


Complete and positive segregation of cement 
between the two tight-fitting plugs. 

Closed circuit. Cementing head is assembled 
before making-up on casing string. It’s never 
opened during operations . . . air pockets 
can’t form in mud or cement column. 

Full Casing Discharge. Ejection of float 
assembly from shoe provides unrestricted 
opening, reduces load on pumps, permits 
greater discharge volume. 

Positive Flow-Back Control is assured when 
top plug latches in stall collar. 

Wiping action on casing is provided by lips 
on both plugs. 


It will pay you to get complete information 
about the Rector Fulbore Method of cement- 
ing before your next cementing job . . . also 
about our new Two-Plug Stage cementer for 
your next stage job. 


FORT WORTH, TEXAS 


REPRESENTATIVES 1% ALL ACTIVE 
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I_WHYNT YO' SET A SPELL 
AN'TELL ME. BOUT YORE OIL WELL TESTIN’ 
BIZNESS ?— -WOULD IT BOTHER YO? 


OH, GALS DONT NEVER 
BOTHER 


MAINLY, BECAUSE. ~AND WE DO A AH 1S-sOBrr- Y 
| DON'T PAY ANY 


SAFE, ACCURATE NOW DOWN 
ATTEN-SHUN TO JOB /’-\WE KEEPS TOA 
‘EM AVAILABLE, RISK TO THE MINIMUM 


ONLY FOR DRILL- CREW AND OF BoYs- B 
STEM TESTIN‘/7- EQUIPMENT 


DOWN TO A 


C-547 Copr. Capp Enterprises 1954 


JOHNSTON 


first in drill stem testing 


HOUSTON, TEXAS 
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Meet the Authors 


(Continued from Page 56) 


EUGENE HarRISON received his BS 
and MS degrees in mechanical en- 
gineering from A&M College of 
Texas. Since his graduation in 1952, 
he has worked in the Research and 
Development Department of the At- 
lantic Refining Co. and is currently 
an associate research engineer en- 
gaged in drilling research. 


WILLIAM F. KIESCHNICK, JR., re- 
ceived his BS degree in chemical 


engineering in 1947. Since that time 
he has been a member of the Re- 
search and Development Depart- 
ment of the Atlantic Refining Co. He 
is now section head of the Exploita- 
tion Section which deals with prob- 
lems in drilling and well completion, 
reservoir exploitation, and process 
design. 


NoRMAN L. Carr is a_ project 
engineer for The Pure Oil Co. at the 
Research and Development Labora- 
torie,s Crystal Lake, Ill. He received 
his BS in chemical engineering from 
the University of Illinois, his MS 
from the University of Minnesota, 
and his PhD from the Illinois Insti- 
tute of Technology in 1953. Pre- 
vious employers include the Mal- 
linckrodt Chemical Works and the 
Institute of Gas Technology. 


Riki KoBayASH! is professor ot 
chemical engineering at Rice Insti- 
tute, Housten. He holds a BS degree 
from Rice and a PhD degree from 
the University of Michigan in chemi- 
cal engineering. Formerly he was as- 
sociated with the Continental Oi! 
Co. 


Davip B. BuRROws is supervising 
research engineer at Continental Oil 
Company's Development and Re- 
search Department. He heads the 
Service Section of the Production 
Research Division and has been with 
Conoco since 1948. The Oklahoma 
A&M graduate was formerly with 
Stanolind Oil and Gas Company’s 
Research Department at Tulsa. 

A biographical sketch of A. B. 
Dyes, of The Atlantic Refining Co., 
was published in the April issue 
of the JOURNAL OF PETROLEUM 
TECHNOLOGY. 


HAVE YOU CHANGED YOUR ADDRESS? 


In order that publications and correspondence may reach 


Air-powered 


you promptly, the Petroleum Branch, AIME, should be 
advised as soon as possible of any change in your address, 
preferably a month before the change becomes effective. 
For the AIME directory and for the Personals column of 
the JouRNAL OF TecHNoLOcyY, additional infor- 
mation is desired. The form below is provided for your 
convenience, and should be sent io Petroleum Branch, 


AIME, 800 Fidelity Union Bldg., Dallas 1, Tex. 


Name_ ~Membership No.. 


Old Address 


New Address_ 
for 
Publications 


Title or Position Held_ ies 


Address for 
Directory 
Listing 


List below your former title or company position, nature of 
your new position, or other information of interest to your 
associates for publication in the or PeTrroLeum 
TECHNOLOGY. 


One month normally required for change of address. 


TUBING 
SPIDER 


(A Cavins Co. Product) 


(Pat. Pend.) a 
ELIMINATES BACK-UP TONGS: 


Two more Insert type Slips secure tubing against 
reasons for rotation and do away with back-up 
tongs or wrenches. 

owning an 
ADVANCE 
TUBING 

FULL CIRCLE SLIPS: Conventional 
SPIDER 


type slips for extra long strings ond 
parallel strings fully protect the 
tubing against crushing. 


Bulletin TS-54 tells the whole story. 
We invite you to send for your copy. 


Aduance Oil Tool Co. 


2853 Cherry Ave., Long Beach 6, Calif., Ph. 485-64 
Mid-Continent Rep: Hillman-Kelley 
Export Rep: Roland E. Smith 
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Super Pressure Volumetric and Proportioning Pump 


INSTRUMENTS for the Oil Industry 


Ruska Instrument Corporation specializes in 
the development and manufacture of 
scientific instruments for the oil and mining 
industries. 
* Reservoir Engineering 
* Pressure Measurement 
* Volumetric Pumps 
* Core Analysis 


Ruska Instrument Corporation 
4607 MONTROSE BLVD. HOUSTON 6, TEXAS 


Ask for New 
CATALOG 


GET A 
DETAILED 
PICTURE 
of drilling 
operations 
while the 

well is 


BEING 
DRILLED! 


Geolograph shows downtime, round trip time, 
minutes per foot, drilling time, guide for bit change, 
connections, etc. Gives the driller information he 
needs to do the most efficient job. That's why you 
save whén you log as you drill with Geolograph. 


MECHANICAL WELL LOGGING SERVIC 
.O. Box 1291+ Oklahoma City 1, Ok 


Farmington, New Mex. * Liberal, Kan. * Oklahoma City, Oklo. * Bakersfield, Cal. 
Abilene, Wouston, Odessa, Lubbock ond Wichita Falls, Tex. * Shreveport, and 
Baton Rouge, la. * Casper, Wyo. * Glendive, Mont. * Sterling, Colo. 


Edmonton, Alberte, Canada 
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When a prospective mud engineer joins the 
Magcobar staff, his school days are a long weys 
from being over. 

In the extensive “Mud Doctor” training courses 
which Magcobar conducts regularly for its “wn 
personnel and those of oil companies, the student 
learns all that modern science knows about how ne 
to apply drilling mud knowledge to help oil Lf 
operators drill better wells safely at lower costs. 


Magcobar keeps its engineering service or- 
ganization in tune with the needs of the industry. 
When you need help at your well, call your Mag- 
cobar engineer. He is ready day or night to help 
you meet any mud emergency. 
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